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'=;-,is docunsnt r;as prepared in compliance w i t h  the requirement for the 
fiaal r e p r t  far k t l o n a l  Aeronautics and Space Administration contract 
: 2 S  7-%, "A.opulsion Requirements for Soft Ianding in Extraterrestrial 
Zwironramtsma 

trol=lmesIIA and IXB, "Ropulaion Requirements for Soft Ianding in Esrtnr- 

Contract XAS 7-l24. Ianding trajectory concepts applicablo to landhgs 
03 the paon, krs, Venus, krcury and the Esrth were analyzed to deflne 
*&e required proplsive maneuvers and to  determine the optimun c h a r ~ ~ -  
terist ics  0," jxopulsion systems for performance of these maneuvers. 
?elated investigations presented herein &ere conducted t o  deternine 
appropriate interplanetary trajectories upon which t o  base lading 

&A- ,,-=& restrial %viromimts, n p r s e i i t  the snaljlses conch~ctsd -wider 1BSp 

8XElbS8S and to  8 d - b  takeoff p r o m f a  requirexfm3nbm 
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Presented i n  this volune are the analyses conducted and results obtained i n  
the  study, "Propulsion Requirements for Soft Landing i n  Extraterrestrial 
Environments." 
landing concepts for landings on Mars, Venus, Mercury, Earth and t h e  moon, 
i n  order t o  specify t h e  required propulsive- phases, and (2)  t o  d e t d n e  t h e  
optimum characterist ics oZ propulsion systans f o r  these propulsive phases. 

Ana lp i s  of landings on these bodies entailed i n i t i a l l y  t h e  select ion of 
appropriate t ransfer  t ra jector ies  and consequent planetary a r r iva l  conditions; 
these r e su l t s  provided t h e  app1icab:e i n i t i a l  conditions upon which t o  base 
subsequent studies of landing maneuvers. The sequence of maneuvers ccmprising 
an ex t ra te r res t r ia l  landing operation was depexlent prkhzrily on the presence 
o r  absence of an atmosphere about the destination body, 
landing maneuver prof i les  were qualitatively, though not quantitatively, 
similar f o r  t h e  all-propulsive lunar and Mercury landings, and f o r  t h e  Earth, 
Mars and Venus  landings, which u t i l i zed  t h e  atmospheres of those bodies for a 
major part of the  required vehicle deceleration, 

The study was performed (1) t o  define the  most sui table  

As a resul t ,  t he  

For a landing mission as defined i n  this study, the first i n  the chronological 
sequence of propulsive and aerodynamic maneuvers considered f o r  terrestrial 
and ext ra te r res t r ia l  landing phase analyses was the propulsive terminal 
correction u t i l i zed  t o  establish t h e  i m t i a l  conditions required f o r  safe  
entry i n t o  a planetary atmosphere or  deceleration in to  a prescribed plane- 
tocentr ic  c i rcular  orbit. T h i s  maneuver, i n  preference t o  earlier (e.g., 
midcourse correction) or later (e.g., deceleration i n t o  orb i t )  maneuvers 
was chosen, first, because it is essent ia l  t o  satisfactory performance of 
any subsequent maneuvers, and second, because it is the  earliest maneuver 
primarily influenced by the  gravitational f i e l d  of the  destination planet. 

Subsequent t o  the terminal correction, ' the  maneuvers considered f o r  planets 
having atmospheres were: 
drag providing a portion of t h e  required deceleration; d i rec t  atnospheric 
entry; and near-surface deceleration and maneuvering by means of parachute/ 
retrorocket systens. ForMercury and t h e  moon, nei ther  of which has an 
atmosphere, the maneuvers of interest were d i rec t  landing, or alternatively, 
orbi t -es tabl ishent  and landing-from-orbit, and propulsive near-surface 
t ranslat ion and descent, 

. .  

orbit-establishment, with or without aemrQmmic 

The basic results of t he  study w e r e  the  def ini t ion of t he  propulsive maneuver8 
associated with landings on each of the  destination bodies, and specification 
of t h e  velocity requirements and optbum propulsion systaa parametera foF 
these m a ~ ~ m m m  

. . ,  

i* 
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The basic lunar l andhg  n5ssion is  conprised cf t h e e  primary phases: 
1) powered f l i g h t  i n  +,he viclnity of Ezrth tc accelerate t h e  vehicle 
into an Earth-noon ccast trajectory, 2)  coast t o  the v ic in i ty  of t h e  
moon, and 3) prquls5ve deceleration t o  the ,cSace  of t he  moon. 
mission is illustrztec! ir, Figare 1 :he zse of separate propulsion 
system f o r  ZarLh-vic5riLt:: 
best sui ts?  t o  the req+reser?cs of t h e  =issioc; as a result, propulsion 
systans f o r  the l m 2 k g  F ~ . L = s ~  can be eTshate5 sepra te ly .  Howeve, 
t he  D-rt.h phase an-6 t h e  res-SZaxt c o c t  n h s e  e f e c t  t,.~?zr arrival 
conditions and therefme mst be ar.al=.-zeh as p z t  of a lunar landing 
investigation, 

The 

2mLar-v5ck2t:.- =z:e'ners appears t o  be 

Effect of.  F a t h  Phase on Iunar Arrival 

During the Earth powered-fligkt phase, the veEc le  is accelerated t o  t h e  
energy level  necessary t o  enter the selected P3z%h-moon coast trajectorp,  
Either d i rec t  o r  Earth-or5ital departure can 3e tq~loyed; the  lunar 
ar r iva l  i s  co t  affected 
trajectory and landingmaceuvers are dete-miced. only 
velocity of the veEcle  as it a?proacf.,es themoon. 

. 

the t:qe of  Wwfi departure, The lunar vicinity 
the posit ion and 

The velocity generated 6uricg the Earth-dqarture phase govexns the duration 
of the coast phase ard. t h e  vehicle velocity a t  lunar arrival. 
can be s u b s t a n t i a v  reduce6 (fro3 the  appoxinate s-day daration comes- 
ponding t o  a near minimurn-eneru transfer) b-;r the addition of a rather  
modest velocity increnent durirz the Earth-vicinity powered phase; the 
result ing a r r iva lve loc i ty ,  however, increzses as t r ans i t  time is reduced 
and thereby increzses land-bg maneuver propulsion requ5restenks. 

T r a n s i t  time 

To anaxvze t h e  launch ccnditions t h a t  will enable the vehicle t o  intercegt 
the moon, it is necessaq.7 t o  examine the  Earthaoon orientation. 
plane of the  moon's path around. the bary center (the camon center of nmss 
of the  Earth-moon s y s t e m )  is inclined 5-15 degrees t o  the ecl ipt ic ;  the 
axis has a 19-year precession period. The plane 05 the  axial rotat ion of 
t he  Earth (equatorial plane) i n  inclined 23.45 degrees t o  the  ecl ipt ic ,  

The 

2 



ROCXKETDYNE' 
a DlVlSlON O W  N O I T I  A M E I I C A N  &VIATION INC 

Although the  axis of the  Earth precesses, the r a t e  ir =: r-all t h a t  t h e  
equatorial plane orientation can '-e c.-z::r? *-  '-P ?-::.-* 2 - -  - .. ~: 'aci .  "US, 

/ 

.. * . .  . . 

i 

the  re la t ive  angle between the equatorial plane a d  the lunar plane varies 
frcm approxiaateb 28.6 t o  18.3 degrees i n  a 9.5-year period. 

To accmplish a d i rec t  (i.e., no Earth-orbit) Earth-to-noon transfer, t he  
vehicle is injected from the launch point i n to  a plane (geocentrlc) that 
intersects the lunar plane. 
i l lus t ra ted  by point I, i n  Figure 2 , the vehicle is i n  a plane inclined 
28.5 degrees t o  the  equatorial lane. 
tine central f l i g h t  angle is ('0, which is the t o t a l  geocentric angle tra- 
versed during Ear th  powered-flight and Earth-to-moon coast. 
approaches the mom, it w i l l  be perturbed from the  geocentric coast ellipse 
assumed i n  the study. However, f o r  propulsion analysis, th ia  effect is not 
significant. ) 

Caused by Earth rotation, t h e  l ine  of intersection between a p o t e d i a l  
geocentric transfer plane (inclined 28.5 degrees t o  the  equatorial  plane) 
and the  lunar orb i ta l  plane rotates through 360 degrees daily. As a result, 

For an eastward Cape Canaveral hunch, 

With the  moon atM at vehicle d v a l ,  

(As the vehicle 
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once a day the transfer plane includes t h e  moon regardless of t he  moon's 
orb i ta l  position. 
t he  Earth, the centrs l  angle a t  intersection changes, and since central  
angle s+mngl.y affects departure and ar r iva l  velocities, during each 
month a ni n-bm-propulsion transfer trajectory exists. 

Emever, as the moon traverses its 2 7 - d ~  orbi t  around 

A vehicle &ich enters E a r t h  o r b i t  pr ior  t o  injecting into a lunar transfer  
trajectory gaics an advantage of central  angle f l ex ib i l i t y  not available t o  
a direct-flight vehicle. 
in i t ia ted  once daily, as cmpared t o  once nonthx: for direct  missions. For 
S a m T l e ,  the vehicle depicted i n  Figure 
ments (2nd extend t r i p  duration) Iq- coasting 273 degrees i n  Earth orbi t  
b e o r e  pm?elling itself i r t o  i t s  t ransfer  trajectory. 
then a?prc?ximate a Xoknann transfer i rs tead of the 90 degree cerrtral-angle 
t ra  j ectol-g shown. 

A s  a result ,  a m'nimum propulsion t r i p  can be 

2 could reduce propulsion require- 

The t ra jectoly would 

Coast Phase 

Anaxmis of FArth-moon coast phase trajectories based on geocentric conic 
sect5 o ~ s  ( e l l ime ,  parabola, hyperbola) Lndicate the variations of departure 
and &vzl velocit ies Kith t r a n s i t  tine, A near minkurn-energy, maximum- 
ckratio:: trajectory has a transfer time of approximately 5 days. 
departure velocity iccreases, t r i p  time decreases; f o r  a geocen&&c escape 
trajectcq-, lunar intercept occurs at approximateu 2.1 d q s .  
less thar, 2.1 days are along geoceEtric hyperbolic paths (Figure 

As Earth- 

"ip t i m e s  
3 ). 

Figure 3 tends t o  indicate that  a conic-section velocity error introduced . 
at the E a r t h  would r o t  necessarily prevent a lunar intercept. If excessive 
velocity were added i n  the  Earth propulsion phase, a shorter t r i p  time 
would result ,  and intercept w5th the mocn would be made a t  an earlier point 
i n  the  or??it of the moon ( a d  vice versa). !lowever, as Figure 2 shows, 
the  geometq of the  Earth-xnoon system is s x h  that the  transfer orbi t  plane 
is inc lhed  t o  the orbi t  plane of t h e  moon, so t h e  vehicle o rb i t  and the 
orbi t  of the moon are not coplanar. 
pass above or below the  moon so that t he  self-focusing effect is  d i s h e d ,  

Different Earth-lunar trajectories,  result ing from variations In launch 
date, tx5p t-he and injection velocity vector, can resu l t  i n  different 
selenocentric planes a t  lunar arrival. 
destinatfon position, a desired lunar plane can be achieved. 
(Le,, t h e  aFpropriate correction) can be made i n  the Earth phase trajectarrg, 

Thus a f a s t e r  or slower W p  could 

Qy selection of t h e  lunar transfer 
This selection 
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o r  a nidccwse ccrl-ectlon as shown i n  FPgure 4 
assziption tbt t k e  *A& of dtrect i rg  the vehicle t o  the FOP- lunar 
c=.t?ttal plar?e hi22 ‘re relegated t o  an Earth-vicinity o r  nidphase pro- 
m.- -1sTcn syste- re.c:es t5e  reqtirenent for plane-change capability i n  
tkr l u n a  la~Cfrg ?rc?zlsion q - s t e n ;  as a result, Flane-change was not 
---e -_ ..,i<ered 5 3  I a ~ C r z  m a - s e s .  A f b a l  plane change can be made aft= 
a lcnar  orbi t  i s  ezta5~Iishe6. 

ccrrect.fons; tcwerer, t k e  accxracy of the lunar trajectoqy should pre- 
c l d e  a ?k4e -ckzge  re;=frar,errt f o r  most case?. 

can be used. The 

The velocity requirtmen+us, shown i n  Figure 
5 , for suck B z z ~ e - x e r  are  s2bstantially higher th. for earlier 

i -  

.I i 
I;erar Wi6couFse Corrections 

n e  lunar nissloc d-’ffers f r a n  other space missions i n  t h a t  t he  transit 
t-he is a p p r o x i n s t ~  three 6 a p  contrasting t o  t r a n s i t  times.& a 
kmdred days o r  m r e  f o r  other space rrssions. Since t h e  m c s  of . 

4 
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Earth-neon space are w e l l  c?eEr?ed act! tke ZistE.nce Tnvolved is an order 
of mEgnitEde less  than thzt of 5 r t e ~ l a c e t . q . ~  missions, t he  trajectory 
c a  Se crntmlled wi th  cclrsiderable acccracy. 

The need f o r  mzdcourse correctima ernw-ates frm the inherent errors 
&stir4 in the  booster gui6ance ard prcpdsion systems. 
uncorrected, these errors cruld cazse the veEc le  t o  m i s s  i t s  rendezvous 
ro in t  a t  t h e  mocn by several th0nsm.d ni-les, 
been perfom.& by various nenkers b,2 t r -e zerospace ixdcstry i n  connect..?’on 
k i t h  program mch as d?cllo, Surveyor zrd Earxer t o  determine t he  mid- 
c-urse correctton requirments f o r  vaems  k c a r  misstons. 
ar,a>ses, ccn6ccted a t  5ockdclpe urYler XASA ccctract NAS 7-68, “Space 
T r a r i f e r  Phzse Propulsicn are  2escebec? i n  Reference 1 . 
These aralyses have Frlh.zc-2- aFlcye6  l i x a r  r erturbztion techniques 
1-i + k. a fixed-tine-of-wrival a t  t he  z m ~ .  “e cbj’ective or̂  the midcourse 
cmrec t ior i  is t o  r e t cm- the  vehicle t c  i t s  iztended trajectory pr ior  t o  
uTivi,cg a t  the moon. 

If l e f t  

Km-erous analyses have 

Similar 

These ana lpes  have yielded the  re,.ult t hE t  s d f i c f e n t  accuracy can be 
obtairied e t h  a midcourse correction schme employing three maneuvers 
(See Figure 6 ). The first correction i s  a:-lied a s  soon as the  tra- 
jectory cul ?E accurateki deternind frorr txck ing  data; t he  secorrl is 
apl ied smet-he before a r f v i n g  a t  the ~ik po9nt t o  cancel the propulsion 
anc? tracking errors of the fbs t  co,-rectiori; the  th i rd  correction is 
azplZed a t  the  a-h p o h t  t o  a l t e r  the reloc’,t=r of the veEcle  t o  match 
4 &at of tke tntended tra5ectox-y. Zesidts cf these ana&-ses (based on 
?-pic& in2ection errors 05 1 n m i  ir, posltion an6 10 ft/sec i n  velocity 
and 5nclu6icg errors ir, nidccurse posi,tjcn, ELidance an2 execution accuracy) 
have shorn tha t  the t o t a l  midcome velocit:r requiremeEts f o r  a 0.99 prob- 
ablt,ity o,C szccess are less thar 233 ft/sec *-:le t h e  
a t  the aim ?ofnt is lezs than 5 n m i  fn  position ar?d 0.5 fps  i n  velocity. 
For a missicn which includes a ywpulsive chase t o  establish a lunar orbit, 
t h i s  a c m z c p  is sufcicient; however, for missions tha t  involve clrcurn- 
naegat ing the moon, f u r t h e r  correctiors will most l ikeb  be required t o  
-3nprove the trajectory accuraq. Results presented i n  Reference 1 
izidicate that these terminal corrections are a p p m x i m a t e ~  a few feet 
per second. 

er ror  existing 

Lunar Mission S e h M t m  
- 

~ 

The appro-te magnitude of the propulsion requiranents f o r  a t r i p  frcnn 
thE &rth t o  the moon is skown i n  Figure 7 . The i d e a l  velocity require- 
m a t  is di,vided in to  three parts. The first is t h e  Earth-propulsion phase 
requiraaent, and the idea l  velocit ies indicated a r e  typical of conventional 
chemical systens, The ver t ical  distance t o  the  next curve represents the J 

9 
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lunar orbit-establishment velocity requirenent, a& the tMrd curve adds 
a constant velocity f o r  larding from lunar orbit .  
requirements shorn ilrc predicated on b p l s i T e  (5cst.antaceous) velocity 
changes. 
velocity requirements w2tk thmst-to-weight r a t i o  is ccrsidere?) . 

Ths l a t t e r  two velocity 

(In Fropulsion syztem stud2es presented later, the v a i a t i o n  of 

For t ransfer  times skxcrter than 2.9 dq:s, the Eurtk-Fkase velocity increases 
rapidly (Figure 7 ), while f o r  times lorGer than 2.3 dqs, the  Earth-phase 
velocity i s  practical&- corstant. 
fore the lumpphase velocSty requirmect as it enters the lunar g r a e t y  
f ie ld ,  tncreases raT%dt:  w i t h  the shorter t ra rs fe r - t im trajectories.  

The velocity of t h e  vehicle, and there- 

For lur,ar missions,  the longer t r i p  is beneficial to the gross payload 
capabili t ies of the vekicle beczuse the lower veloc5tF r ep i r enen t s  res-alt 
ir less propellar_t c ~ m m p t i n n =  Hoxever, ccnsi2eratioa mzst be given to 
the  effects  of t r i p  t-be on other parmeters. For exazple, l ife support 
s y s t m  weights increase a.cprcxi-mately linear27 u i t h  t r i p  t7he for b a t i o n s  
encountered i n  typical  lunar missions. 

Another factor  caashg  reduction of the net payload is  tke radiation shield 
requ-kenerrt f o r  mamed, and other radiation-sensitire, rqloads.  More 
sfiielding may be requ5rd as  the t r i p  t-he is  increasd .  
fi’dence l eve l  o,C solar f l a r e  predictabi l i ty  decreases as the t r i p  duratitm 
increases. 
flight increases as the fl5ght t -he is  ex-terde6. Prel-hinaqv analysis was 
coxxhcted t o  exmice the  t r ip  t -he  with r e q e c t  t o  sEeldir,g and life support 
e p i p e n t ,  aEd the results i d i c a t e  tha t  skiel6 r equ imen t s  cannot be 
?efir;ed with svfficierit c l a r i t y  t o  p roede  a precise value 0-C opthum trip 
the, 
example, Refereme 2 ), together u i t h  the propulsfon requirements, 
indicates t r i p s  i n  the 2- t o  3 - d ~ ~  r a g e  are sultable f o r  lunarmissions, 

F i r s t ,  the con- 

Secord, the probability of er.couritering a larger  flare d-rg 

Review of available sbdeld and lLfe supyort i domat ion  (see, for 
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Various trajectory concepts d t  f o r  sof t  landing a vehicle. fmm.an 
Earth-moon coast trajectory. 
direct  nonvertical, and the intermediate-orbit type, are i l lus t ra ted  
i n  Figare 8 Other landing t ra jectory concepts exist; those 
presented, however, provide suff ic ient  basis for evaluation of p- 
pulsion requirements and illustrate the effect  of lznding method on 
propulsion parameters and vehicle capabilities. 

Three of Llese, the direct  ver t ical ,  

. 

The direct  ve r t i ca l  landing trajectory (Type A) incurs larger gravity 
losses than do the direct  nonvertical (Types B and C )  o r  intermediate 
o rb i t  ( m e  D )  trajectories.  This ef fec t  is demonstrated i n  Figure 9 
by a ccmparison of ideal  velocit ies for landings f r c m  a 2.04ay 
Earth-moon transfer, 
i s  i l l u s t r a t e d  i n  Figure 10. 

The effect  of t r i p  time on velocity requirement$ 

Because of improved si te selection and abort capability, the intermediate 
orbi t  landing trajectory is far more flexible than a direct  landing 
for  e i ther  a manned or unmanned soft-lunar Landing mission. We velocity 
requirements are only very sli&tly greater than f o r  the m i n i v e b c i t p  
direct landing t ra jectory (Type C). As a resul t ,  the intennetjiate o rb i t  
landing mode is u t i l i zed  i n  the major portion of lunar landin& analysis. 

In  the  intennediate orbit  landing concept, a propulsion manewer i s  
first used to establish a lunar orbit. Thrust is aligned a n t i p a a l l e l  
t o  velocity t o  provide a near-optimnm maneuver. 

The velocity requirements for lunar o rb i t  establishment are detewined 
by t r i p  time, o rb i t  height, propulsion-system specific iaapalse, aod 
thrust-to-weight ratio.  These effects  are shown in Figures ll, 12, and 13 
For the  tuo-day lunar transfer selected as an  w, it is evident 
that the orb i t  establishment velocity r ecp i rd  is r e l a f i v e  
constant when in i t i a l  thrust-to-Earth weight ratio exceeds 0.3. 

Lanaing f r o m  orbit 

Two methods of law from lunar orbi t  are described below. The 
first techniqne (PAW) employs a single, continuous propulsive #mse 
while the  second type (ICP) u t i l i ze s  two powered phases separated 
by a coast interval. 
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Type A: Direct Lunar Landing ( V e r t i c a l )  

Type B: Direct Lunar Landing (Thrust 
Perpendicular t o  Radius 
then Thrust Vertical) 

Tspe C: D i r e c t  Lunar Lading ((rtuast 
Opposing Velocfty) 

-\ - - -  - - - - - -  
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Contimious Powered (MY), 
is i n i t i a t ed  i n  the intermediate lumr orbi t  aod continues until the 
vehicle reaches zero velocity a t  the l u n s r  surface, 
thrust a t t i t ude  during descent must be coqat ib le  w i t h  the o rb i t  height, 
or the constraints that a l t i tude and velocity reach zero simultianeously 
canmt be sa t i s f ied  by a constant-thrust propulsion system, 

For descent by tiilis technique, re t rothrust  

The thrust and 

e 

For PAW t ra jector ies ,  r e s u l t s  indicate that 0- a II~FFOW band of 
initial thrust-to-ueight ra t ios  can be used effectively for decelera- 
t i on  from a particuhr orbi t  al t i tude.  Thrust-to-weight r a t io s  which 
are too high resul t  i n  the vehicle rea- zero velocity before 
the lunar surface is reached. 
lou allou the -&icle t o  descend t o  "the sxrface before the retro- 
tl?rc,st can reduce tne  velocity to zero. 
Figure lh for corrtimous-powered Lmiiqs frcm a 9 - n  m i  orbit, 
res t r ic t ion  t o  low values of thrust-%-z&$it ra t io  (imposed 'trp the 
high o r b i t  a l t i tude)  resul ts  i n  high 95KL velocity requirements, 
PAY t r a  jec'tofies other than the t ~ r ~ t - ~ ~ _ ~ a l l e l - + ~ - v e l o c i 4 y  
maneuver consiSered here micht be zsei t o  Lamease the ap2licabl.e 
range of  thrust-+a-.-eight rztios; hmever, tkese t ra jector ies  M e r  
increase ideal velocitp requiremests, The -xopulsion requiremmts for 
the lou-thrust PAY t ra jector ies  and equident low thrust  Intermdiate 
Coast Phase t ra jector ies  (described below) zre  very similar, as 
indicated 
velocity requirement curves. 

Thrust-to-=eight ra t ios  uhich are too 

%c points are indicated on 
The 

the f a c t  &;hat the selected p o h t s  lie on the ICP trajectory 

I o t e m d i a t e  Coast Phase (ICP), 
'is characterized by two  Tropls ive  a-sliczticns separated by a coast 
interval, 
propulsion phase (small velocity i n c r h )  i s  used t o  transform the 
initial circglar o r b i t  t a  a lou-perhpsis ell ipse,  The coast phase 
follows u n t i l  the vehicle has descended to the trajectory periapis 
(Le,, 180 degrees coast), The proplsion system is then relguited 
and reduces the velocity to zero a t  the 1-r surface, 
final propulsion pbase, xmmerons thwst orientations can be used; 
thrust  antiparallel t o  velocity is near opthum and is therefore 
employed in.the analysis presented. 

The Izrternediate Coast Phase t ra jectory 

For opthum execution of tihis t n e  of descent, a short 

During the 

A -st i n t d  of approhtely 180 degrees s i e l d s  the m.fniaura propal- 
sion reqairement for orbital descent, and uas therefore selected as a 
characteristic of the preferred ICP laxdiag trajectory, ICP trajectories 
u t i l i z ing  lesser angular travels are descri'oed i n  d e t a i l  inReference 3 
A signifycant resnlt obtained is that for thrust-to-weight ratios of 
interest ;  there is little change in propulsion requirements for  angular 
t ravels  between 30 and 180 degrees, 

3 

20 
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lunar landing-from-orbit velocity reqnirements are  s h m  i n  Fiwe 4 
for two orbi t  heights (9 n mi and 300 n mi), 
use of thrust- to-(br th)  weight ratios greater than 1.0 causes little 
decrease i n  ideal  velocity requirement; however, for  thrust-to-(Earfh) 
weight ra t ios  belaw O,&, ideal  velocity requirements increase rapidly 
as thrust-to-weight rz t io  is decreased. I n  Figure a, the velocity 
requirements a re  lover f o r  the low specific y e  system because, 
f o r  a given i n i t i a l  thrust-to-weight r a t io  (F 
during the landing is higher due to  mre rapid propellant consulaption. 
The reduction of velocity requirements with increasing F/'d resu l t s  
f r o m  reduction of gravity losses which i n  turn is due t o  the shorter 
powered f l igbt  times a t  the higher F/k values. 

Far ICP t ra jec tmies ,  

), the average F/bl 

To achieve touchdown a t  a particular location, the pericynthion should 
be located a feu degrees before the selected landing s i te .  A t  the 
pericythion, the landing vehicle applies retrothrust  ant iparal le l  to 
the velocity vector. 
vehicle is a few thousard feet  above the lunar surface and descencIing 
almost ver t ica l ly  Kith a small velocity, Then the  final translation/ 
descent is accomplished. 

This descent trajectory is fol lowedunti l  the 

In a thrust opposing and parallel-to-velocity descent, the F b  ratio 
and the pericynthion a l t i tude  are  re la ted t o  the landing t ra jectory 
shape, The pericynthion a l t i tude  ( F U )  must be increased as F/W is 
reduced; this is caused by the longer powered f l i g h t  time required to 
reduce the vehicle energy a t  low th rus t  levels. 
velocity increments for descent-from-pericynthion maneuvers as the 
F/W decreases is caused by additional gravity losses, 

The increase i n  ideal 

The variation i n  FCA w i t h  
orbi t  is shown i n  Figure 
values greater than aFprodmately 30,000 feet ,  corresponding to  a F/k 
(Earth) of 0.65 or l ess  a t  the begjnning of the descent-from-pericynthion 
phase. For a uell-reconmitered landing area, the permissable PCB 
may be less than 30,000 feet  but other considerations do not d e  the 
louer a l t i tudes at t ract ive,  
occur i n  the 0.5 FD range, the above c r i t e r i a  a re  sa t i s f fed  ped= 
cynthion a l t i tude  of approldmately 50,OOO feet. 

As PCB (b) decreases with increasing FD, the angular distance Prom 
pericynthion t o  the horizon (%) decreases; but the.2central angle (e) 
subtended by the descent t ra jectory also decreases &th increasing Ffi. 
The difference between these two angles indicates how far be low the  
horizon (angularly) the landing s i t e  is a t  the in i t i a t ion  of the descent 
~ ~ ~ ~ n e u v e r .  These values, plot ted i n  Figure 16, iadicate  that  the landing 

However, since prformance optima generally 

-\-- - - 
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site is always belou the horizon f r o m  the pericynthion point. This 
may present some problems if it xers desired t o  mzke opt ical  ar a d a r  
contact w i t h  the s i te  prior t o  in i t ia t ing  the descent maneuver, 
the shape of the descent trajectory is  such t h a t  the landing site wllles 
into vieu i n  less than 30 seconds a f t e r  thriist in i t i a t ion  (the entire 
descent to  the hover point ta.kes l o u g h l ~  f ive  mirmtes), 

However, 

The thrust  opposing-and-parallel-'Lxrvelocitr method, and two alternative 
means of thrust vector pr0pammb.g fo r  the descant-fr0m-pericm-n 
maneuver are shown i n  Figure 17, To sin$i.fy guidance requ-a-, 
the thrust may be directed paral le l  t o  the horizon u n t i l  the f l i@ 
path becomes vertical. 
s t ra ight  upward, 
simulated from a pericynthion a l t i tude  of 100,000 feet. 
reference vehicle, the  resul tvl t  :*load was 40,5000 pounds co& t0 

t o  velocity maneuver. 

Another method of descending fma a given pericynthion is  t o  q@y a 
thrust greater than that which would be required t o  reduce the  v e h 5 Q  
t o  zero a t  the originally specified hover point, 
increasing the increment required during the descent/trznslation phase, 
Using impulsive thrust a t  a 50,030-foot pericynthion, the overall  vel0d.W 
increment (including impulsive brzking a E e r  f r ee  f a l l  t o  the surface) 
uas found t o  be 6250 f t /sec corrpared t o  5720 ft/sec uhen a % k z t  anti- 
para l le l  to velocity maneuver has used t o  descend f r o m  t h a t  sa:e sltitade. 

A t  this ~ i n t  the thrust vector ray be directed 
A vehicle f l i g h t  wit!! t h i s  thrust program was 

For a cmmn 

&L- I,IX 9- ~ L , w O  M pounds of payload obtairzed using the A%hi?st antipar- 

T h i s  uoald resalt in 

Landing T r a  jedory R d e u  

Because of greater ideal veloc5ty requirawnts, the direct  vertical 
landing has a lmer Fayload c a p b i l i t y  than the direct  mnver'jcal 
landing or t he  intermediate orbit& landing. A more serious dbadwntage 
of the ve r t i ca l  trajectory is the fac t  that, shoulc the propchion systepl 
f a i l  to ignite a t  the prescribed t i m e ,  a col l is ion w i t h  the lunar surface 
is inevitable; this maneuver was therefore disqualified i k o m  M e r  
consideration for manned aissioas. 

Both the orbital and d i w c t  aonrrertical rnaneclvers rsay be planned 80 that 
in the  event of failure of the propulsion system to ignite, the vehicle 
does not impact the lunar surface but instead returns t o  Earth along a 
circumlunar trajectory. The choice of landing sites is restricted fir 
the direct  landing, while the  orbital landing allows touch- at aqy 
point on the  lunar surface Mou the parking orbit ,  
of the o rb i t a l  approach are tha t  it uses techniqaes develope6 by assumed 
previous nonlanding flights, and that it allows remnnaisance of the 
landing s i t e ,  A disadvantage of the selected interme diate  orbit trajecbzy 
is that it requires two additional propulsion system starts, 

2'w fnrtheF advantages 
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Review of various landing naneuvers (such as those shown) indfcates that 
the  use of a lunar p a r k i q  o r b i t  as  an intermecllate phase of the  landing 
t rs jectory is  probably the  nost desirable method. f o r  named ( a d  most 
um,anned) missions. 
o rb i t  trajectory, when cornbfned with an orblt-establf s h e n t  naneuver (based 
on the  ?/I7 existing a t  the beginnin 
velocfq: requiremeEts an6 oPti,mun F IJ t o  an opt-hized d i r ec t  nonvertical 
t r a  j ec toq .  
a r e  based on an el l iptScal  descert t r a j e c t q -  i-r? which the  e l l i p se  is 
tazgent (2% apoapsis) t o  the o r i g 5 m l  parking o r b i t ,  al ternatives such as 
descent vi_a an e l l i p se  whose period matches the parking orbit  ?ex-?& are 
pcss5ble; this might be applicable t o  speciric m i s s i o r s  such as one in  
xki_ch the descent vetiicle has se7arated frm: a Farent vehicle which ranains 
ir? the  5rAtial c i rcular  parking o r b i t .  
zoclerate e f fec t  on propulslor. xistem velccity requirenents ani practically 
no effect on thrus t  l eve l  selection. 

Because of s-hilar trajectory shapes, a descent-frap- 

of each phase) is  very similar i n  7 
Though the  aza>-ses o f  landing-fm-orbit maneuvers presented 

Var5atZons of t h i s  t2Te have n n v  

Takeoff !*%neuvers 

"kecff-to-orbit nar,euvers exhibit a ve1ocit;i reqafrement vs F/W trend 
sirmilar t o  t he  landing nanecvers. 
vhere the  vehicle leaves t h e  lu rar  s x f a c e  an2 enters a r?,oor.-&rth coast 

rise, *her, turps dcmrange and enters a thrust-FarsLlel-to-velocity maneuver 
~-..Sch cantinues u n t i l  vekicle velocity i s  suffjcient f o r  the  vehicle t o  
enter  t he  desired mom-E&h coast trajectoq:. 
vehicle t uns  before enter5rg the thrcst-parallel-to-velocity maneuver is 
adjusted such that t h e  vehicle i s  moving near27 horizontally a t  t he  end o? 
t h e  takeof: mareuver. 
skown i n  Figure ZS 

For takeoff xs5rg a direct  naneuver, 

L majector; ir,  one proTuls'_cr Fhaae, t he  vet lc le  ffrst n&es a short  ve r t i ca l  

The angle through which the  

The velocity requirements f o r  the  d i rec t  nzneuver are 

For the  indirect  takeoff nanecver, the vehicle establishes a lunar parkzng 
orbit  Friar t o  achieving the velocity necessary for  t h e  moon-Earth transfer 
trajectory, 
vertic21 ascent, then a downrange turn followed by a thrust-parallel-to- 
veloctty maneuver u n t i l  a coast t o  the  prescribed orbi t  altitude can be 
achievd. R e s t a r t  i s  required f o r  injection into orbit. Lunar orbit 
es t ab l i shen t  velocity requirements are shown i n  Figure 19 
irg i n  o rb i t  t o  t h e  correct rtosition for  t he  return trajectory, a final 
-propulsion phase us! ng a thmst-parallel-to-velocity maneuver zccelerates 
t h e  vehicle from i ts  parking orb i t  t o  t he  velocity necessary t o  enter the 
moon-Mh coast t ra  jector j ;  velocity requirements for  t h i s  maneuver are 
shmm i n  Figure 20 and p . 

To establish the  parking orbit ,  the  vehicle performs a short 

. After coast- 
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Figure 2XZ Ideal Velocity Requiremeart far Departure R.03 T j u n a r  &bit 
Earth-Moon C o a s t  Trajectory versus Barth-Yboxi !lhnafer Time. 
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A comparison of the  velocit;r requirements f o r  the two types of Earth-ret= 
maneuvers (direct  and intermediate-orbit) a r e  presented i n  Fi,ure 22 . The 
curves demozstrate a very similar prof'lle of  velocity requiraner;t vs thrust- 
to-weight rat! 0. 
increment; selectton of a lower ?arkfry orbi t  a l t i tude  woulc?, however, reduce 
t h e  ind!rectmissi,on velocity requirements t c  values closer t o  the dlrect 
m i s s 5  on vahes. 

Tke j direct t r a 2 e c t o q  requires a s l i g h t u  greater velocity 

c 
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1 

LUNAR LANDING AND TAKE-OFF PRcpmSION REQUI- 

., 
! 

Two primary methods of.perfonrring a lunar lm-ding mission are ths 
d i m c t  mode, i n  which the en t i re  transfer vehicle (minus propellant 
expended during the 1anding.maneuver) descends to  the lunar surface, 
and the o d i t a l  rendezvous mode, i n  which the Earth-return propulsion. 
s y s t e m  is l e f t  in lunar orbit .while only the  paylosd and descentfascent 
propulsion systems reach the smface. 
both the d i m x t  and orbital-rendezvcus mission propulsive ,maneuvers uem 
investigated to  determine velocity requireaents f o r  each of these landing 
modes snd t o  evaluate the e f fec t  on payload of variation of sptem 
parameters, 

The propulsion requirements f o r  

The rendezvous mission technique offers the ‘advantage of greater ef- 
ficiency (Le., more phylaad per un i t  weight of the transfer vehicle), 
but t h i s  advantage i s  realized only if the corrbination of lancSing site 
and stay-time is such that significant plane-changes by the =“cent 
vehicle and/cr the parent vehicle are avoided.% To obtaixi complete la- 
ing site and s t a p t i m e  flexibility, u i t h  minimum velocity penalties, 
which is a requirement of later-generation lunar vehicles, the dim& 
landing mode may be superior. 
plane changes only by u t i l i z ing  stay-times uhi& are some integral d- 
t i p l e  of half lunar cycles; si tuztions may exist i n  which this restriction 
might not be feasible, 

The analyses of propulsion requirements have i n  p s r t  been based on vehicles 
of the Apollo s i ze  o r  Saturn C-5 capability; the treatment is parametric 
and the  results presented are  applicable t o  f u b n e  vehicles of larger sizes. 

The orbital-rendezvous s y s t e m  can avoid 

\ 

* The extremes of possible situations, neglecting the inclination of 
the lunar plane, are: (1) an o*it in the lunar plane in conjrmcti6n 
With any lunar-plane landing site and staptbe; in this instance, 
the o rb i t a l  plane of the parent vehicle a l r y s  includes the landing 
vehicle and the Earth, and no plane chsnges are required, 
polar orbit i n  conjunction w i t h  one of the two possible Imar plam 
landing sites, and approximately a 7 4 3 7  stay time, For this, the 
take-off vehicle requires a 90-degree plane-change t o  return to tb 
parent vehicle, and then the parent vehicle requires a 9O-degme 
plane-change t o  return t o  lhrth. 

O r  (2) the 



I 

. 
Direct Hission 

Mission Profile, 
has the  f o l l d n g  sequence of maneuvers: 

The mission profile f o r  a (manned) direct lunar mission 

1, Lunar orbihs tab l i shment  Or, Direct landing iron 
2, Lunar lading-fmm-orbit trmsfer trajectory 
3. Lunar tskeoff-to-Earth trzinsfer 

The t o t a l  velocity requirement of  the lafiding system analyzed i s  the 
sum of ve lcc i t  a3li t ions (chronolo-gicslly) f o r  xidcourse correction 
(- 150 ft/sec v , circular  orbi t  establishment (-3290 ft/sec), orbi t  
eccentricity chzngc ( - 60 ft/sec), velocity cancellation ( N 5700 ft/sec), 
and hoveringftranslation (from 200 t o  1390 ft/sec), In addition, a r p ~  

FeTlant reserve equivalent t o  apprc?xina+,e~y 300 ftfsec ( u 3 percent P is 
included, Thus, the omrall velocity requirement is between 9500 ftlsec 
and 10,500 ft/sec. 

Parametric Staae pinalgsis. 
c rpgen ic  propellant lunar landing stage is presented parametrically ia 
Figure 23, based on a ! ? 0 , ~ p o u r r d  vehicle gross weight, Pmpellant 
f ract ion i s  deterinked by stage design characteristics, and i s  strongl,y 
influenced by the  type of feed system chcsen f o r  use Xn the landing stage 
propulsion sys- 

The paylcad capability of a high energy, 

For an Bartbreturn paylosd of 9000 pour.&, resul ts  presented in fi-8 a 
aEd d i n d i c a t e  the tzkeoff gross weight required as a function of pro- 
w l l a n t  fraction, specific impulse an12 velocity requirement of cryogenic 
and noncryogor,ic sptem respectively. 
lunar takeoff stage i s  the landing stage pajrload, It should be noted that 
the insulation aad shielding associated dAth the takeoff propulsion sntem 
might be j e t t i s m e d  a t  the s t a r t  of the Eartbretum phase; this results 
i n  a gross tikeoff -,.eight s d e r  tkan the paylcad miginally laded. 

For a reference gross weight of  90,000 poun& ( the Saturn C-5 escape paylaab) 
and a 9 m p o u n 6  Earth-return payload, various propulsion systems which COIM 
be used f o r  lunar landing and Earth return phase were investigated. For (PD 

02DI pressure-fed landing system, design studies have indicated that for 
the stage s i ze  considered, a propellant fmct ion  of 0.79 iS representatha 
and for a pump-fed system, the approxhate value is 0.85. For a pres- 
fed, noncryogenic (N2qr/50-50> propellant takeoff propulsion system- 
uadnory designs have yielded propellant fractions of 0.88, 

The allowa5le gross weight of 

For these 
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. .  
systexs, the accept.able conbi-naticns o f  landing and Wec,"f prcplsion 
s:rstexs, within the assuned restr ic t ions,aE indicated in Eyre 26 . 
T h n s t  &vel SelecSon. 
a d  +Aceof2 is govemd by many factors,  including pmpXLant combination, 
lLqc2ng trajectory, and vehicle engine m d  tank weights. Selection of the 
qMncq th rus t  level fer  a space vehicle I s  governed pz5ncipa'Jy by the 
excilage between velocity requiremnts a d  propellant depmdent w e i g h t s  
(eo& of which decEsses as Ihust to-weight  r a t i o  bcrezses)  and engine 
a d  ',?rust s t rmtc re  weights ( w h i c h  decrcase as thrust-*-weight mtio 
decreases). 

T k  selection of thrust  level f o r  lunar landing 

V s r i o u  trajectory concepts ex i s t  f e r  s o f t  l a d i n g  a rehrcle on the lun- 
ar  sEf i ce ,  as i l l u s t r a t ed  in Figum 8 . The i n t e m d i a t e  orb i t  landing 
? z s  velocity req'.lirexents very similar t o  the direct  ncnverticd Z s n 6 ~ .  
Frm 8 site selection s i d  abort capzbility standpoiot, t?e intemdiate 
or5;,t larding trafectm'y is m r e  f lexible  than a direct  L a b ? ? .  
therefore used i n  the malysis of the ezfect of v a r i m s  vehicle parameters 
on th=lrst level  selection. "he d i f f ew-ze  between pay'lmd and optimms 
thrst-to-veight ra t ios  for a vehicle using a d i rec t  vertical landing and 
an in*krmdiate ofb i ta l  landing vehicle is i l l u s t r a t ed  in Figure 27 . 
For 'thrust lev21 optimization studies, the propdsion system inert weight 
can be reasonably chsracterized by three factors: 
factor, (2) a t5mt dependent weight factor, and (31 2 pmpellanf depend- 
ext weight fzctor. 
to-ueigfit f o r  z single stage v 5 c h  per%rms the entire 1 a ~ A k - i  nazmdver 
are IPas t r a t ed  i n  Figirres 
aprozch path r e s d t i n g  fmn a 2.6-day %rth-moon mission, 

It vas 

(1) a f k e d  w e i g h t  

The effects of these factors on o p t k m  ve'hicle thrust+ 

28 ,29,30, and 31 , b e g h i k g  f r o m  the 1- 

S k c e  tf.2 duration of the  hove++;ri;T?slztion phase require2 near lunar 
saxface czrnot be ascertained precisely, Figure 31 is presented t o  show, 
by coqerison t o  Figure 29 
to-weight ratio. A 1030=ft/&c hoverhg AV is inchded in Figme 29 
while no hovering A V i s  included in  Figure Tb effects  of two 
otker factors uhich influence 0piirnu-n thrast-to-weight ratio am illustx%ttied 
i;? Figures 32 and 33 . The effect of specific impulse is indicated in 
F'igure 32 . The ef fec t  of Earth-mon coast t ra jectory transfer time i s  
indicated i n  Fly= 
is also affected by the interstage weight changes accoqxmying thrust level 
variations. a 

the effect  of hovering AV on optirmna thrust- 

31 . 
33 . Thras t  level  selection for w y  d s s i o n  CanS-Xeered 
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This effect (somewhat amplified because of a relat ively high ass- 
value of interstage structure weightfi?ch) is i l lus t ra ted  i n  Figure % 
for t h e  lunar landirg nbssion. 

It is evident f romthe figures presented that f h e d  weight, tank weight, 
hoEring AV, t ransfer  time, interstage weight, and specific impulse are 
611 factors which do not i n  general strongly influence thrust  level 
selection. Fixed weight does not affect cD'3.m "&rust-%o-weight ratio. 
-4s the propellant dependent weight fac tor  increases, optimum th.lust-to= 
weight r a t io  increases. Increase of the hovering AV allowance decreases 
optinum thrus  t-to-weight r a t io  sl ightly.  
increases, the optimum lunar landing thrst-to-veight r a t i o  ~ x v a s e s .  
An increase i n  the specif ic  weight of interstage structure decreases 
optimum thrust-%o-seight r a t i o  w u l e  an increase i n  specific impulse 
cases aii increase i n  optimun thrust-to-weight ratio. 

"he effect of  thrust dependent weight fac tor  on optimum thrust-to-weight 
r a t i o  is shown i n  Figure 35 as determined from the l o c i  of opt- 
poirrts of Figures 28 t o  31 . Optimum thrust-fo-weight ratio decmases 
from 0.475 when the thrust-dependent w e i g h t  factor  i s  0.02 lI&b thrust 
t o  9.3 k~entire thrust-dependent weight fac tor  is  0.06. A wide range of 
Kirust-dependent weights m u s t  'De considered since redundant systems may 
Se enployed, and the degree of engine redundancy strongly affects en- - 
weight factor. 

Fortunately, since there are  so many variables which should be considezed, 
t!!e penalty f o r  operation a t  an off-optimzi thrst level  i s  not severe, 
Fgr exanple, f r o m  the &20 specific Impulse curve of Figure 32 , it is 

ocsurs a t  a thrust--weight ratio of 003b) can be achieved with thrust- 
to-weight raticefrom 0.22 to  0.58, 

As Earth-=on trmsfer time 

! 

evident that veEc le  gross weights within 1 percent of the minimum (which 

%ewer Termination Conditions 
vehicle a t  the end of the main descent maneuver i s  of i n t e re s t  since it 
establishes the  initial condition for translation, hovering and final 
descent maneuvers, The ternrind thrust-to-lunar w e i g h t  =?,io is  a A;mcti& 
of vehicle i n i t i a l  thrust-to-weight ratio and the mass ratio. The varfac 
t i on  of terminal ulrust-+eueight ratio for a direct landing maneuver b 
shown in Figure 36 . To achieve a 1:l vehicle thn;rst-%oqeight ratlo 
(necessary for constant a l t i tude  hovering), an engine thrott;Lisg ratio 
equal t o  the terminal thrusbto-lunar w e i g h t  ratio is required. Far 
satisfactory control during the tellEnd-1 landing phase, it lpay be necessary 
t o  t h r o t t l e  the landing engine t o  thrust-to-weight ratios substantially 
below lrl, and engine designs m u s t  include an allowance f o r  this considemticm. 

The thrust-to-rtseight r a t i o  of the 

.- - _  . -  -* F= 3 
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Propclsion Review, 
principally by the %j-pe of landing t ra jectory employed t an i n t e n e d i a t e  
orbi t  method) and Icy t:?e zvlationship between th rus t  level, engine weight, 
a?d the t h ~ a  t-to-wight versus velocity requirement characterist ic for 
the landing trajectoqy. For t3e. vehicle and t ra jectory characterist ics 
considered, a thnst. fo weight ratio of approximately 0,bS fs desirable. 
-%I e q b e  thrOtt l5Fg ca-pability of  10:l would provide suff ic ient  thrust 
control f o r  p e r f m c e  o f  havering and transla'iion maneuvers near the 
lunar surface. 

The t h rus t  level f o r  the landing en ine is de&Mmd 

A c o q r i s o n  of the  approximate capabili t ies of various landing vehicle 
configmations is shom i n  Figwe 37 . The data indicate the advantage 
of hi& energy stages over alternative systems, and show the capabUity 
of several fu tum launch vehicles, 

Lunar Orbit Rendezvous 

Vehicle concept. b d i n g  an ent i re  space veEc le  represents a use of 
propellan+a dming "he descent and takeoff maneuvers which may be partially 
conserved by leaving par t  of the vehicle i n  lunar orbit, A propulsian 
s y s % m  [single-s=age OF multi-stage) must then accomplish the descent, 
translation, takeoff, and rendezvous maneuvers. (Figure 38 ). 

Trajectory analysis ,Car the mission w a s  based on the vehicle being in a 
56n XEL circular lunar orbit, and using the intermediate coast trajectory 
f o r  descent. The l a & g  stage i s  decelerated into an e l l i p t i c a l  orbit 
with a 50-3 -6 a?ocp.',fiion ( dm)  altitude and a pericynthion (xinimum) 
a l t i tude  determined by the specific impulse and the thrust-to-weight ratio 
a t  the beg2-g of the n u t  maneuver. The vehicle coasts t o  th% per%- 
cynthion a+, which po3.t '&rust is applied ant iparal le l  t o  the v e l d % y  
vector, A t  the  end of  this  maneuver, the vehicle is a feu thousand feef 
above the lunar surface and hovering o r  descending a t  a relatively alaw 
speed. The huver p o b t  is set suf f ic ien t ly  high above the surface tio 
allow for  ancertaint5es during the landing maneuver. 

The takeoff maneuver consists of a vertical r i s e  followed by kidravrjr 
and thrust p a d e l  t o  velocity sequence. 
been generated, t h r u s t  is texminated and the vehicle coasts to a s a  rd 
apocynthion wtrsre thrust i s  again applied t o  circularize the orbit and 
rendelipous Htii the re!a-hder of the spacecraft. The payloa&ia trans- 
f e m d  b t h e  spacecraft w h i c h  provides propulsion f o r  the xwliurn tmmsfai, 

~ h e  ideal velocity requirements for landing from a SO-n mi orbi t  and takeofi 
t o  56.a m i  orb i t  are shown as a function of i n i t i a l  thrust-to-(Earfh) 
weight ratio fF/W) in pigure 39 . 

When sufficient velocity barr 
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The lower pairs  of curves represent 
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tfie nominal values. Tke c?per landhg curves incl  
7,S-percent f l l gh t  p e ~ - f = ~ ? m c e  reserve ant! a 
velocity, 
change velocity -5nci-e.wnt axe a 7.5-percer,t f l i g h t  perfonnance reserve. 

allowances for a 
hover/translatLon 

The mpe? takeoff relocity CLTCS incllde a lZsO-ft/sec plane 

A 35,OKbpound lan- vesc'le w"as ass.u=led as nodnal in some cases, 
though the psraaetric &~al -pea a d  L\e Lhrsst cptimkations were con- 
ducted for a range of vehicle weights. The mal-vsis resul ts  can there- 
fore be applied t o  o3.er  slues of re%m-+,e-orbit payload requirements 
o r  vehicle gross welgbt. 

Parametric Data. 
ve-hicle coacepts dLizussed, 
was used f o r  the l;-,iKcg mriecver, 

Pzx-etrLc s.p%ez -selg:?ts ue= f o m l a t e d  f o r  the three 
Xr. i d e a  r e l o d t y  requirentent of 6,850 Ft/sec 

ft /sec f o r  the takeoff raane~er.  

9 one-stage v e s c l e  w;?i& perfoms b o t h  landing znd takeoff is described 
i n  Figure 40 and . Figure 40 is  f o r  a noxryogen ic -p ropew 
vehicle (320 secoMs specific inpulse) a d  figure is f o r  an O& 
vehicle (420 seconds s?ecific implse]. Payload versus initial vehicle 
gross weight Zo=. ~ a r ' - c u s  s tage propelbnt fractions are presented in 
these two curves. For this vehicle, 850 pounds of landing gear is left 
on the lunar surface =hen *e vehicle g n s s  weight is  35,OOO pounds. 
other gross weights, 1s.din.g gear left on the mom was assumed directly 
proportional ';a veklck gross ueight, 
in th is  study as the prow7Llant weight div'ded by the sum of & propellnrrt 
weight and a l l  inert uerghts except +he landing gear l e f t  on the lunar 
surface. 

For 

Pmpellant f ract ion ( h  ) was ddined 

The effects on payload of changes in various stsge paraineters for the * 

single stage, lanCngfta3reDff vehicle are i l l u s t r s t ed  in Figures 42 am3 
43 . Figure i s  for a normyogenic propellant stage, and Figure 19 
for an O& -hi&. 

For each figure, a reference vehicle was selected and, as various staige 
parametem were varied, *&e resulting payloads were expmssed as a p e p  
cent of the reference vehicle payload. 0x1 each curve, the variation oi 
payload w i t h  specif ic  impulse is presented, assumng propellant fraction 
remains constant; m-d the vacation o f  payload w i t h  propellant fraction b 
presented, assuming specific impulse remhs constant, Another curve sham 
the effect of total stage iner t  weight on payload. Total inert weight here 
includes the 850 pounds of landicg gear uhich i s  left on the lunar surface, 
The effect 011 payload of the weight of t h e  landing gear jett isoned on t b  
lunar surface is shorn- in the f i n a l  c m e ,  
inert weight and speci i ic  inpulse are kept equal t o  those of the refereace 
vehicle, Coxupafison of Figures and 43 indicates t ha t  t he  payload 
variation, on a percentage basis, i s  more sensit ive for the  starabls 

For this curve, t o t a l  stage 

Pr0Pe-t sys- 
. 

% 
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Specific Impulse, f - scc ( $ = ,881 

0 .'84 0.88 0.'92 
Propellant &action,* $ (Ia 31 m) 

I . I 

4obO so00 6ob  
I 

Total Inert, Wx - lb 
I 

b 
I a 

lobo 2060 rn 
Jettisoned Weight, WJ - lb (Total Inert t Constant) 

- 
Figure &- Pa-am&tric Effects on Payloal -o? m e -  

Stage Noncxyogenic-F+roplhmt V e h i c l e  

*Does not include jettisoned weight (8% lb) 
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Specific Impulse, Ie - sec ( h ,  ~0 .82 )  

Propellant Fraction,. A (1 = 420) 

I s 

0.98 0182 0:86 
1 , ,  

I 
P a  

a s 

7- 
Total Inert, VI - lb 

- - _  - 

€3- . Parametric Effects on Pay102 of One- 02/K ~ Propellant V t h i c l e  

*Does not include 850 lb jettisoned weight 
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For the two-stage vehicle concept, (one f o r  the landing and another for 
the takeoff) three sets of curves, each containing three figums, are 
presented. The filst set o f  curves (Figure , hs , and La are 
fo r  a vehicle which uses noncryogenic propellants i n  both the landing 

.and takeoff stage. The second set, Figure 47 , b8 and b9 are for a 
vehicle wit$ an OdH,,landing stage and a noncrycgenic takeoff stage. 
 he f inal  set, fig116 50 , $1 , and 52 are f o r  an a~.l+& vehicle, 
The variations i n  payload with t he  i n i t i a l  vehicle gross w e i g h t  in lunar 
orb i t  i s  shown i n  the first curve o f  each se t ,  Payload as a function of 
landing and takeoff stage pmpellant fractions f o r  a vehicle of 35,000 lb 
gross weight i s  presentsd i n  the seccnd curve o f  the set. For the first 
two curves i n  each s e t  a 32Ssecond sgecific inpulse =as used f o r  no+ 
erpgenic  propellant stages and a L23-second specific impulse was used 
fo r  the 02&propellant stages. 
impulses is shown i n  the last cllrve of each set. 
is varied, s tage propellant fractions are held constant a t  0.85 for the 
noncryogenic and 0.80 f o r  the OzId2 systems. 

It is  possible t o  design a one-stage vehicle so that the tanks c o n t a w  
the landing maneuver propellant could be left on the lumr surface. The 
effects of je t t isoning par t  of the ?ropellant-dependent weights after 
landing are i l l u s t r a t ed  i n  Figures 53 t o  9 . Noncryogenic and 0& 
p~ope l l an t s  as w e l l  as pump and pressurized-gas feed system are cap 
sidered i n  these figures. For e2ch vehicle 850 pounds of landing gear 
is  also jett isoned on tbe surface. For all curves, an initial vehicle 
gross weight i n  orbi t  of 35,000 pounds was used ~ 5 t h  an engine systea of 
fi,OOO pounds thrust, 
estinated no-dnal values f o r  weight factors as presented i n  Table 1 
% is defined as the weight of propellant dependent structure divided by 
the pmpellant weight, 
structure t o  thrust level. 

The effect  on payload of these specific 
X*le specif ic  impulse 

Tank and engine ine r t  weights were determined using -- . 
KB is the r a t io  of the w e i g h t  of thrust dependent 

I n  each figure of the Fignre 53 t o  % g r o ~ p  ere curves of payload plm 
stage fixed weight* plotted versus the tank weigfrt fac tor  ($) for th. 
tanks jet t isoned on the lunar surface, Each curve pmsented is far 8 
different IC, for all the tanks. The All Ta?ksa is the ef'fective 
tank-ight factorwMch the  vehicle has i n i t i a l ly ,  Le., sum of a l l  
propellant dependent weights/total propellant weight ,  The points *re 

- - 
L 

% From bumout might, onhFthe iner t  weights detenrrined using lib 
appropriate tank and engine weight factols  are subtracted, learing 
a payload plus stage f5xed weight nmeber. 



I 
i 
I 

I 
1 

B 

10,Ooo 

8000 

P 
4 
l 

a 
d 
0 
d 
A 

t f  

6000 

4000 

R0C:IECETD'YNE 
A DIVISION 0- NORTH AMLRlCfiN AVIATION. IN= 

Initial Gross Weight - lb 
- - - -  

Figare ~r . .mo-stage ~ing/TakeoMVahi&e - ~mcryoganic 
... Propellants; Variation of Payload with Ch-088 W w  

and Propellant Frsction 
I 

- -  



ROCIECETD'YNE 
A DIV IS ION Of N O R T U  A W I R * C L N  AVt&TBON. IN= 

Figure bs . Tuocstage Vehicle, lbnc~pogenic prapellaab; 
V-tion of Payload uith prapellant Frac- 
of'landing and T a k e o f f  Stages _ _  _ _  --- -1- . - * .  



ROC1KIETD'YNSS 
CI DIV IS ION OF HOITH AMCCIICAN CIVIfiTION. INC 

7000 

6000 

fnrdinrr stage specific Iprprrlee, aecande 

Figure & . Two-Stage Vehicle, TJoncryogeniC Fropelhnta% 
Variation of Payload with Specific Jhpulm 
of Ianding and Takeoff Stages 

- _  
* 5 . - . .  



ROCXCETDllr'NE 
A DIVIIION OF NORTM AMEmICIN  AVIATION. INC 

50,000 20,000 30,000 @,OOo 
Initial Gross Weight, p o d  

1 

! 
, 
I 

I 
i 
a 

12,000 

10,000 

8,309 

1 
Q - 
n 

3 
h 6,900 
0 
d 



I 

ROC1IKETD'YNE 
A DIV IS ION OF NORTH AMERICAN AVIATION. (NC. 

Ppgure 48, Variation of Payload with PrupelLant Phctian fer a 
Rrrr-Stage Landing-Takeoff V e h b l e  
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Figure 49 . Variation of Payload with Specific Impulse for a hro- 
Stage LaMhg-Takeoff V e h i c l e  
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Figure 54. One-Stage Vehicle with Jettisoned Tanks, p\rmp-Fd 
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The values ~ r e s e c i ~ d  cbove, c t i l i zed  i n  conjunction k t t ?  the  appzcprizte 
vslocity requiremct ds+& fielded the Yes-zlts shcwr. LT Fig*~re 9 and 9 . 
Optimum values cf thrust-to-@arth) welght ra t ios  are irdicated belou: 

Noncryogefic w2 

Pres sure-fed 0.50 

It should be rxted that these optima are I;@icable os pmpclsion design 
criteria only il" ',:?e subsequent (return-tc-orbit) rnaneuver is performed 
by some other pxc.ulsion system; i.e., o n i y  if the la3-g stage is the 
first stzige of a txo-stage vehicle. 

The results f o r  t k e  lunar takeoff-%c-crbit sL%ge are shbw. in Figure 
and & . The t e n ,  fixed weight, as used i n  these f i g u x s ,  inclndes a l l  
inert weight w h i c 3  is neither thrust nor prope7lhnt depe~der-t. 
of fixed weights i s  dependent on @-e particulars of any specific stage 
&sign*, but the breikdown between paylcad a d  fixed weight (not thrust- 
&pendent) does cot. influence thrust l eve i  selection. 
tc-(Earth) weight ra t ios  f o r  the takeoff stages collsidered are: 

The mount 

The opthum thrust-  

lioncrycgenic Cryogenic 

0.7s 0.65 

Pressure-fed 0.55 0.55 
These optimum VGWS represmt appropria%e design cz5teria for the second 
stcge of a tvo-c"ige landing-takeoff vehicle. 

A m i l y s i s  of single stage vehicles far the 1andingJtakeoff mission fa- 
ct-cded the gram rde that  850 pomds are jettisoned on the lunar surface 
prior to  takeoff, Results are presented in Mgure 61 and 62 and ths 
optirm~n thrust-to-@arth) weight ra t ios  ares 

* and on sen;antfcs, considerjng that an item such as a guidance system 
sometines is, and sometines is not, counted as part of the useful 



~ 0 C ; : I E C E T D Y N E  
A DIVISION O f  NORTII AMLRICLN AVIATION. INS 

8 0 

a 

,, ,’ r,, . /’ ._ 9;  

l8 

17 

Figure 57, !k=ust Level Selection for Orbitdl Descent Vebbcle 

,..I 



ROC=DKETDVNE 
C. DIVISION O W  NO-M AMLRICLN AWAT10"L INC 

I 1 
i .  

\* 

Figure 58. T h r u s t  Level Selection for Mital Descent V e M E l e  i 

\ 



I 

I -  

i 

I 
I 

ROCMXETDYNE 
A DIV IS ION OF NORTH AWSRICAN AVIA-ON. INQ 

0-6 0.8 100 102 0.4 
Thrust-to-Earth Weight Ratio 

Figure 59. Thrust Level Selection for Noncryogenic Lunar Takeoff Vehicle 
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Figure 60. Thrust Level Selection for %/H2 Lunar Takeoff Vehicle 
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A significant point regarding the thrust-to-wight optinia is  tha t  in a 
re la t ive ly  hide bard about the o p t h  F,olnt (zppmxi%tely 0.@8 thrust- 
tc=+:eight ratio units i n  most of the cases presented) t& paylwd iS 
pract ical ly  constant, 

In this investigation, nominal values of th?-:lst-dependent and propel lan t -  
dcpendent weight factors  were asswed. 
st;age designs, a re  subject t o  wide vzriation with materia’: sdect ion,  
rcdmdancg philosophy, etc., ar,d have ar: i!Fortant influence on ‘the 
selection of thrust  level, 

These values, representing t y p i d  

Farsnetrlc a r . l y s i s  was  conducted t o  FrcriZe trzde-cff data clescribing 
the influence o f  thrust-dependent ar.6 21-c.pellant-depecdent weight cn the 
optin?izat,ion of thrcst level. Ir, this aEzlysls, p x v p k i o n  Gas provided 
by engines which ri;? ed from re lat ively 1Lgkt. weight (L.e., E;, 0 0.01) 
t o  re la t ively heavy fi.e., Kz = 0.@4>, Tor the second (takeoyf) stage 
of a two-stage vehicle, a large chmge i n  propellant-dependent welght 
f ac t c r  was introduced i n  order to  evalczte i t s  e f fec t  on tfm?st level 
selection, Only noncryogenic propellant sgstems were considered. Addition- 
a l b  a t  this juncture, f ixed stage weights were introdcced, in a~mmts 
suitable t o  fie16 logical stage prope’llazt fractions, in order t o  provide 
payload values representative of actual vehicle capabilities. 

I 

Results f o r  a lunar l a d i n g  stoge aye pesented i n  Figure 63 , 
l u s t r a t e  sn important poixt c i ted earlier,  tke cwve represented in 
KE = (2.025 is considered. The m . x i ~ z  pylozd, l4,974 pounds, occurb 
when the thrust, level  i s  19,600 pcmds. Zmever, to  obtaln a p q l o a d  
within 75 pol;rds, or  0.5 percent cf ri:imn, the thrust. level  a n  range 
f r o a  a , h O O  pounds t o  26,500 pounds. ”>.e lcrger  thrust-depndent we-t 
fzctors  result i n  lower optimm thnst-*b-.ueight ra t ios  caused by the 
higher weight penalties associated. xitk Sigher th rus t  levels f o r  systems 
having larger  values of KE. 

To il- 

Similar results for a lunar takeoff stage are  presented i n  Ak’gure 64 a 
For comparison purposes, the tank ueight factor used i n  Figure a was 
tr ipled,  and the data shown i n  Figure 65 w i s  computed. The increase in 
optimum thrust-to-veight ratio at increased tank weight factor (for a 
given thrust-dependent weight factor) simply expresses the tendency of 
the system t o  seek an operating point uhere l e s s  propellant is required 
and thereby minimize the onus of high tank weight factor. For the mg- 
nitude of tank weight-factor change utillized, the e f f ec t  on optimUm thrust 
l eve l  selection is fairly small, 

Characteristics of t h e  single-stage vehicle fo r  performance of the overall 
mission are presented i n  Figure 66 , 
l eve l  is 22,900 pounds, but  values between 19,300 porn& and 27,300 pounds 
can be employed without imposing so much as 0.5 percent payload penalty, 

For ICE - C.02, the opfimum thrust 
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Figure 66. T h r u s t  Selection for Lunar Descent and Reorbit 
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In  th i s  preliminary investigation, the, effect  of interstage structure 
weight was not included. 
subject s t q e  a f t e r  separation f m m  the  previous ex,penCe2 stage, the 
effect would be equivalent t o  increasing the L k u t  depeFdent w e i g h t  
factor, Kz, 
interst.age remained at,t.ached t o  the previous stage a f t e r  separation, two 
design philosophies are possible f o r  the subject stage. First, the sub- 
see$ stage may Se ccnsldered by itself. By so doing, the ifiterstage has 
no effect on the  stage optimization, Second, the  interLCtiom between the 
two s tzges may be considered. I n  this case, ,the in+.erst.age weight would 
tend t o  lower the optimum thrus t  of the seco;.,? s t q e  by cZzitishing the 
allcwable gross xeight of the stage. 

If the interstage structure remained w i t h  the  

Thus, the optimum thrus t  would tend t o  be Icwered. If the 

The 4&-rust-tc-lunar xeight r a t io  a t  the end of ti!-ie desceqt from orbi t  
mzzewer versis i d ~ t i a l  thrusbte=(&rth> weight 
(To zcfiicve a 1:1 *rust-to-'lunar weight, f o r  hovering, ?or example, 
er,,tir?.e throt t l ing r z t io  equal to  the terminai tf.;rust-to-lunar weight 
indicated mst be employed). 

is sbm,,;;; iz LFig~re 67 . 
an 

1icxl.nal Vehicle Systems. 
several vehicle confizwitions are  presented in Figure 68 f o r  one- and 
txo-stage landh-g-takeoff venicles based on ar, i n i t i d  weight i n  orbit of 
95,000 pomds. The propellant frzction, p, ranges zssociated w i t h  each 
li2e represent the probable variations i n  design of each system. 
Estimated values of specific Impulse of each s.vs5en are hd ica t ed  on 
the graph, The a5ilit.2- t o  lezve par t  of the iner t  weight on the surface 
r e s -d t s  i n  the two-stage vehicles ex?.?.ibiting be t te r  F e r f c m c e o  Other 
gene ra  concluions are the superiority of 02/H2 over noncryogenic pro- 
p e l l v l t s  and of p u p f e d  systems over pressurized-gbs-feed systems. 
Emever, it should be noted that consiaerations oL?er +&an payload, 
(e.g., cost, re l iab i l i ty )  must be evaluated i n  the selection of a pro- 
pulsion system, 

Pq-had comparisom based on t n i c a l  designs for 

Table 3 and 4 present propulsion system thrust, 'thr.st rarge, payload, 
and throt t l ing requirements t o  achieve a 111 thrust-to-lunar weight ratio 
f o r  hovering f o r  landing-takeoff vehicles having gross ueights of 35,OOO 
p0l;nds. Both one-and two-stage vehicles were considered, as well as pump 
znd pressure-fed 
o r  pump and pzssure-fed systems, 
preliminary design trends f o r  la rger  vehicle sizes. 

systems. KE and KT result from different  design features 
These data mzy be scaled to establish 

The gross weight requiremnts of the noncryogenic propellant landing- 
takeoff vehicle are shown i n  Figure 69 as a function of the payload, based 
on AP1s of 0.91 and 0.86 f o r  the pump- zkd pressure-fed systems respectively. 
The optimum thrust, and the thrust  range which w i l l  result i n  less than 1 perc 
cent payload loss (compared to  the payload w i t h  optiaum thrust) are also 
indicated, The figure indicates t h a t  a thrust l eve l  may be selected for 
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Two Stage Single Stage 

Landing Takeoff 

In i t ia l  Weight, pounds 35,000 15,800 pumpfed* 35,000 
Ilr,6OO pressuE-fed 

Two Stage Single Stage 

Takeoff Landing 

Ini t ia l  Weight, pounds 35,000 15,800 pumpfed* 35,000 
Ilr,6OO pressuE-fed 

Specific Iqu?.se, seconds 320 320 320 

Propellant-&pendent 
Weight Factor 

Fayload, pounds 

Throttling flat50 for 
Gptimm T h m t  Engine 

k c w l l a n t  Veight i n  
@timum Thrust 
+stem, pounds 

Duration of opt- 

0.02 0.02 
ooot o*o& 

0. os: 0.05 
0,06 0008 

6 . 4 ~ 1  
5.2:1 

16,670 7,800 
16,780 7,650 

0, G2 
o.o& 

0.05 
0.08 

6.8cl 
5,801 

16uO + 906- 
16710 + 9090 

334 229 m 4 =7 
- 
I 

Thrust System, seconds- 396 302 356 + 
- - - 

- -- * Pairs of nunber indicate pump/pressure throughout T a b h  

+a+ Division separates landing and takeoff phase6 

*z+ Includes- 9L recon& of hovering for landing p b e e  
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Two Stage Single Stage 

Takeoff 

Init ial  \;eight, poilnds 35,000 18,600 pump-?cd* 35,000 
17,300 pressure-fed 

Specific Impulse, seconds 420 t20 420 

Thrus t-3ependent 
Xeighti Factor 

0.025 0.025 
o o m  0*0&0 

0.025 
00 a0 

P.=.opellant-hpendent 0.a 
?(sight Factor 00 21 

0.a 
o o n  

11,700 
9,790 

Optimm Thrust, p o i i s  19,300 
17,900 

19,130 
17,200 

0,600 
6,800 

p' ?ayload, pounds 18,600 
17,300 

T k m t  for i'ayload 
Xithin 1 percent of 
Maximum, porn& 

15,OK - 26.5K - 22.U 
Throttl ing Uti0 for  5.081 
Optimum Thrust System, pounds 4.6:l 

Pmpellant Weight in 13,670 
Optimun Thrrlst Spte-?-?,pounds 13,700 

7,970 
7,480 

13,680 .+ 8660- 
13,730 + 8660 

206 
32L 

Duration of Optimum 373 
Thrust Systea, seconds= 397 

* Pairs of rider indicate pump/imessure throughout Tablo 
wt Division separates lu?ding and takeoff phases 

*+E 1nclude.s 9b seconds of hoverin:; for landing phases 
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Figure 69. T h r u s t  and Gross Weight Requirements - OneStage 
Noncryogenic Propellant Vehicle 
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p w l k b a r ~ r  design Furposes before a f i n a l  choice of ~\tmp. or pressure- 
fed system is =:e. The fletness of the thrust optimization curves is 
shovninpigure  70 w 
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Figure 70 Gross might Variation vith Thrrrst;he Stage Vehicle, 
Honcryogenic Pressure-Fed Ropllanta 
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The najor  propulsive 8'nase @f landing frcz 9 lunar or5i t  i s  t h a t  portion 
of t he  maneuver during w?~c'!I  the ?:chicle Le Zeceleratec! f rm high velocity 
a t  t he  periapsis of an el l l ipt lc i l  ori?it z?c-.5 the b06y t o  a hover posit ion 
near t h e  Surface of the ?ad:.-. 
reaching a desired !-.o-.-er point if execut'_rz of the naneuver deviates i n  
cer ta in  respects from zmlnal  (Sdeal)  ?erZ:lr;azce o f  the naneuver has been 
made. 
ar.d w j  t h m t  acconpaq-5-g ra-iat'_or, i n  C L  ye- '  ---c --' hpulse ,  I g S t l o n  pr io r  t o  
or beyond the pertapsis @f t'r,e ellipse, .xt z r p h r  dfsc lacaent  between 
the thrus t  and velocft:: ;.ec%ors d u r i ~ s  t t e  zrspulsive zaneuver, 

An eva1uztT:cT: of the errors experienced i n  

The errors ccrs5dered were d -?ea t l c r s  frcc n m k a l  thrust, both with 

IJonSnal cwdit ions f o r  -b- L . L s  ar,al:.sls xere zelectec! or? the  basis of results 
of predous tra,iectory azZ t5rust ogt;,.15zz:<cz sfudies o Xoncqogenic pro- 
pellants were enployec?, ZA ac i r i t i a l  t:-z:st-t~-(Earth) weight, r a t i o  of 
3.4 was uti l ized, 
an6 71,303 f ee t  altltsc'e, 
t rans la te  djrect ly  t o  de-.-255ons frox t k ~  sLtLtuc2e of the nominal hovw 
point. 
turn) landing trajectcq: =e presefitd 5r ?5g-=e 71 , The nominal hover 
a l t i t ude  fo r  the selec;& 5 i t i a l  cc~t i i t5cr .s~ iE6icated as zero i n  Figure 
71 , is  5150 fee t  a'ror-e t k e  lunar surface. 

:icniraf periapsis c r r . ~ t < c r - s  xere 57% fi/sec velocity 
Cedations Zrc: ;Be nminal periapsis a l t i t ude  

Characteristics c-C t h e  coninal L ~=~s~-Fara'Llel-to-velocity (gravity 

Thrust Variation 

I-C each of two vehicles, ?'_fZerin,- crl? Lz tkxst  level, per_"orxs a gravity- 
turn  maneuver, the  higher 5 h m t  vehkle  i Z L 1  execute a steeser descent and 
w i l l  come t o  rest a t  a ko-:er polnt higher :?a, an6 up-range of, the hover 
point of the  other vehicle; t h i s  r e s J l t  5s "ir,tuFtiveQ obvious and results 
a s  a consequence of the shorter operatlzg E-xation of the higher th rus t  
system. 

The deviations i n  range axd a l t i tude  resL_tfr;,c from off-nominal thrust 
operation a re  presected ic Fi,cure 72 . Swera l  possible c a s e s  exist 
concerninr thrust  discrepancies and nos2 of these ;7iel6 one of the two 
characterist ics shown i o  Zt6"ure 72 12 Case A, specific impulse is 
unchanged as t h r u s t  varZes; t h i s  coc6Ltix is characterist ic of a change 
i n  turbopump speed ( regdator  set t ing shir"t, tllrbine inlet  nozzle obstruction) 
f o r  a pump-f ed systcf or tad<-pressure devt,at.'on 

[regulator s h i f t )  f o r  a pressure- 
fed systen. 
precisely true, but the deviat5on is barel;r detectable, 

The e'q&taric;r of' spec3 ic  kyllse Ln these circumstances is not 
In Case B, th rus t  
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and spec'fic Lyxlse  vary together; the cause nw be randm variation of 
combustion efffcTenc:; o r  the preserce of a condestruct5ve pode of com- 
bust i on in s  ta35lity- 

The indicated. r e m l t s  do not izclnde the  effect  of >mar rotation, Since 
nominal ta rge t  pZrts OR %he e q a t c r  of t h e  noon are rov5ng a t  a speed of 
15.5 ft/sec, 2eea t ions  fmm the z m 5 ~ a l  larclizg-naqeuver duration, result- 
ing f rm devict',ons frm nminal t?.cst, cacse distance errors  up t o  a 
value equal t c  15.5 tfmcs the  65fferezce Setreer. the rmlnal and actual  
landing mare'xer d c a t i  ons, Ts(t-tnm> .* A l-perceEt thrus t  discrepancy 
is equivalezt t o  a-Froxi,mateQ: a 3 - sxmd duraticn chaq-e, result tng i n  
an er-mr of less ttan 53 feet ,  
causes a rarge error Sr? excess cf 13,333 feet ,  the dd5t iona l  53 f e e t  is 
tr ivial  . 

Since %;?E f-percent thmst deviation 

The sie;niflca;lt ccnclusfon t o  5e d r a m  frm Ewe 72 i s  tha t  mall 
variations fr, t+st c z ~ s e  slrbstartial dev'_attors i n  hover point location, 
Translat',or! Zazeuver studies have ic6icated. tha t  t o  reach the nonlnal hover 
point from the aosit ion reached 3: a wh ic l e  teth a 2-percent thrust dis- 
crepancy, t k e  Tehlcle woQld rey2-e a reserve propellant supply equivalent 
t o  approxhate;; 2330 ft/sec of icied v e b c i t y  increment, 

The nominal lac?ir,g manemer is 5nLtiated precisex: a t  t h e  periapsis of 
an e l l i p t i c a l  r 5 i t  about the destiratior. 5od;-. Xowever, X sene guidance 
q-stem e r r c s  ~ ~ l s t s ,  ignit ion nigkt CCC=L" a t  a %me p i o r  to, or l a t e r  than, 
a r r iva l  a t  ;c la?sis ,  i n  xhich case a lan6irg locaticn error arises due t o  
devi_ations f,rc the x n i n a l  i n i t i a l  posit-lon c o o d i m t e s  and velocity vector 
direction. 

The variat9on 5: trajectoxy parmeters as  t he  vehicle a2proaches and passes 
by t h e  p e r f q s f s  of i t s  e l l sp t i c  o r S i t  is  shorn i n  Figure 
in te rva l  inZ5cated on ei ther  side of the  periapsis correspods t o  a range- 
angle error zlf$%ly i n  excess of +, 2 degrees, 
the interval, mounting t o  aFproxbate',v 0.3 ft/sec, is  not shown; it was, 

. 

73 , 

Velocity variation during 

The 40-second 

9 The naxkz;m, effect  is experience6 for a l a d i n g  from retrograde, 
equatodal  orbit; t he  error  adds algebraically t o  the  error  caused by 
the  t h r u s t  25screpancJ. For an eqJatox5al orb i t  i n  the  same direction 
as the clmet rotation, the t h m t  er ror  is reduced b~ an  amount equal 
t o  Vs(t-trm). 
inclinatfon and landing s i te  latitude, and i s  between the  two extremes 
c i ted  above. 

For nonequatorial orbits, t h e  error i s  a function of orb i t  





ROC1KETD'YNE 
r. OWISION O W  N O I T W  I.MICIICAY 4VtATION. INC I 

however, icclc6ed 6s a f ac t c r  i n  suhs&-.:ezt azaQ-sis. 
indicated 5~ F i g z e  73 , distance f rc  2er icp th ion  is  t k t  nos t  s i g c -  
icant; t he  veMcle traverses, ax?3 there5rz-e produces zt ",:-.e k z a r  zxeace, 
a range error anount'_F,c to allmost one nz:.',:calnile each sez:r-d. Pke o t k e  
factors, thew3 k ? c r t a ? t ,  are less  si-grLffcant i n  pro&c"_rg ffzal pos5tZon 
errors. 

Cf tk rz2aXes 

I 

j 

? ! 

I 
I 
! 
~ 

~ I 

Results of t h e  igrLt5cn-t-he analysis Ere ;resented tr! ?gz=e . 1% is 
ev5dent t h a t  'if a ?a-tfcular l a d i n g  s l t e  5s t h e  gcal of ? k s  rzgiver, sme 
correcti-.-e actfcc is  ne&& t o  a l t e r  tbe :ra:ectcq- azC Lk=_\+v t o  a-zcld a - 2 o r  
earxv igrdtion, ezgf r e  tYzottl5 ng CIT! '=.e s ~ ~ l c : : 4  t o  c r x  :: t5e  t r a j e c t ~ ~ ;  
the penalty ( r e s u l t k g  f x n  the need t o  a l l r w  szff ic iezt  r l t i k d e  51zs t o  
avoid lb?act a d  t o  ~ e r f o ~ m  the eescent nzzemer zt loxc=-s?zc-zoaizal 
thmst-to-xeigk% rat50) is on the orZer CZ 2 fei: k.x&e~ Z-L,'SOC of ;=.o;ellult 

increased %hrcs'v i s  r o t  available, the crticns inchde  zfEs5on a5ort (or  
another orbit) ,  use of surface vehicles, a d  carq-iTg k g e  (several tko-sartd 
ft /sec) p r o p e l l a t  reserves. 

- z 
rE-uirener,t f o r  s.~bstar=",Sal t rans la t l  cxzxexTer  p:c?elkzz zeserves , 

reserve. For l a t e  5gr2t?.cn, i f  .- reachk4 B p r t i c u l z  ~ < % e  fs esseztlzl  a d  

-? 
Thrust Vector Xisaligment 

In  the  nomhal l.zr-?:rg nazeuver, the prcp7s5on-sjrst.e-, t-k-zst rector is 
dirccted ?rec'_sel;: are c m t l n ~ o n s l y  opposite t c  the rek? ick  7elocLty vez+,or, 
The a b i l i t y  of t k e  ;yt fcle  to detect t h e  Erec t ion  of t 2  :ehc:* vector 
and the a5ilit.y of t h e  e rop l s ion  systr .  t o  respord t c  CCZ=ZZ~S t o  orZect 
the t h n s t  vec tw accordirgu are  scbject t- error. 
vas conhcted t:! s z l u a t e  the hover-poin', pcsition errcrs  5&x& br zits- 
alignme-t errors, f .e., 37 :',r-advertentx: rerZorn5ng E rz'2 zgle-of-attack 
naneuver i_cs%ead of tke desired parit:; ~LT.. 
indicates the FoEsible correct?.ons of other errors tha: c z  be achieve5 lqr 
tine deliberate use of an angle-of-attack descent, 

Results of th2s investigation are presectel ir? Figure 75 , 
oT typicalmisal isment  errors ccnsidee2, the sl t i tw2e e-rs produced have 
the  same order of nap i tude  as  those expzxieoced because of tke  t*mt or 
ignition-tine errom described prev5ousG; fntentional =5sdi6ment therefore 
0 3 - s  a means of corectzng alt i tude errors. 
small, i n  fact ,  alnost insignificant i n  c c p r i s o n  t o  t k e  razge errors s h m  
i n  F i g x e s  72 ar,d T h i s  resclt ir\.dicates that delEkrate  m i s a l i g m e n t  
cannot be used effectivelj. t o  correct l a t e r a l  positSon emms caused 
deviations from ncaninal conditions, 

T ' t~ rc -c re ,  22 

In aZdit.kz, t k e  azal;-sis 

For t h e  range 

Zowever, m g e  errms are quite 

other 

I = .  
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Ncaninal In i t ia l  
Conditions 

V = 5704 ft/sec 
F/W= 0.4 (Earth) 
Is = 315 seconds 

-4- 
i- 

0 +20 +30 +1 

I Range Deviation, B X I  

Figure 74. Effects of Propulsion Initiation Time on Lunar Larding H a n e u v e r  
T d m l  Poeitlsn 
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I E.I isalignnent 

Nmlnal In i t ia l  

Or = Misalignment 
M r ,  Measured as  - Shown from Velocity 
Vector, Positive 
Counterclockwise 

I I 

Conditions 

2 

Figure 75. Effects of Thrust Misalfgment Errors on Iunar Landing 
Maneuver Terminal. Position 
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Critique of Gravity Turn Analysis 

With the deliberate exce$Zoa of the misalignment e--rcr s k e ,  t'ae aralyses 
have been predicated on t;?e a3iliQ- of the landing .;&cle t o  c!m%nuously 
a l ign  the propulsion =-sten tfLrtst rector  ard the  rek:fcle reloc5w vector, 
i.e., t o  perfam a grar:t;- tx-r ccrrectly regardlcsa CZ 2eeatfoYs ,*on t he  
nominal values of t h s t  ragr,ituc?e c r  f r z t i a l  ;.cs:t',cn szd VelOC5ty. 

A simpler (frcm a p i d a m e  stzEd?ctr;),? technique :e: TeyZcxZrg t k e  powered 
descent maneuver ma;z Fe ?:?e cse or' E r\reprogramed :?--:st cr ier ta t ion pro- 
file. In t h i s  case, s i rce  t t e  Fmf5le is based or. x r k f i  c?r-dit'_cns, the 
descent trajectory 5s E pav-5t:: ti=rr, only Lf the rxs -Ls '_cn  s y s t a  cperates 
a t  nominal thrust  and s rec i f lc  kpLse ,  and igniticr. CX,PS 2reclseb- a t  
t'ne periapsis of t h e  e',lt?iicrl t=~1;. c.-L,y-ons de not rrevail ,  
t he  programxed tbinist-oi-ierrtatf cr, TI-or'ile does nct  ::zz:<%te a grai5ty turn, 
and an ermr,  equivalent tc E tL:e-vEriat?le misalis,e-t, errcr, is Sntroduced. 
The magnitude of the error ~t 27.- givec time is eqzzl t- ',?e d'l'fererce betueen 
the nominal t r a  jectoq.- z@e zm5 tke corresponding g z s t t ~ - t - c r c  trajectorg 
angle. 

The variation i n  v e l o c i t ~ - v e c t ~ r  azgle (and therefcl-e t?xs t - rec tor  angle) 
i s  presented i n  Figure ?6 f o r  t t e  zminal lunzr-or>ft 2escext ra~emer and 
f o r  two  thrust deez t iozs  frcr, the rminal inanewer (zzgle is ceas-wed 
posi t ive clockwise frccl t k e  ~ O ~ Z x t a l ) .  
portion of the trajectcq-,  tke o q l e  vs time ch~~-ac ter5s t tcs  are i2ezt ical  
f o r  the three cases. 
diverge; thereafter, eescec': ir ccc$'_ance wi th  the ~ r 5 ~ x i l  carve %, f o r  
t h e  high and low t h m s t  ccr-ditfons, equivalent t o  * k z ~ Z q  bt'c t:-sl?st and 
nisal igment  errors. 

. . .  If nmimal t . - - " ' - A t  
A. A 

It is e e z e z t  t;?zt for a najor 

?e;.-cc2 152 s e c ~ c ~ s ,  however, 5~ c'rraracter5stScs 

Misaligrment errors, tkoEgh crcstizat rather than vBi,aXe, were a m l p e d  
earlier, and the resYLts of tkat  st.&- offer  a useEL, thcnrgk a~roxinate, 
insight  into the  errors fctroeuced b:r adhering t o  ar, inq?qr ia te ,  pre- 
selected thrust-orientat:on sche&Lle. 
misaligrnaent e r r o r  is descr5bed ir Figure e a ? l e s  described 
i n  Figztre (note unortinodox ord53ate scale on F I p r e  n ). ~easuranclrt 
of the area under either oC the t m  c - m e s  between zero ax3 350 seconds 
yields an approximate tihe-avsage ciisalignuent e m r  oC 3.7 6egree, wh5ch 
represents an equivalent, constant value of m5salipent e-, 

The instaEtareo-s =@tude of the 
TI fo r  tke 

The use of a t-he-average nZsaligment value is far fnm precise as a means 
of evaluating errors, but it ozfers a sim?le, and qSt5tativel;i correct, uqy 
t o  estimate overall k d i c g  nulewer errors. 
time i n  determining ar, acc-nate ec_trivaler,t value o,C am- ;r.isaligrment are 
a l t i t ude  r a t e  and range rate,  each affecting the  res>ecti-re cmponent of the 
misalignnent-induced error, 

S h e %  eqz.3. significance tdth 

T h s ,  because range n t e  Is Tery mall in the 
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region where instantaceous misalignment i s  greatest, the rarse  error 
estimated by a time-averaglcg process tends t o  be high; nzwever, s k c e  
a l t t t ude  r a t e  and ifistantaneous misalignment are high simultanewsXy i n  
t h e  l,=tter portion oZ the trajector?; (except f o r  the fir31 33 seconds), 
the  nisalig~nent-induced a l t i t ude  error is greater than the t-he-averaging 
method indicates. 

FOY any given set of conditions, the overall  error  i n  t ra jectoz-  teminal 
position can be e s t h a t e d  q; super-h-oslri t h e  separate errors caused @? 

jndividual error  factors;  thus, f o r  the +Z-pcrcent tb-sst crse, errors  of 
+2730 feet a l t i tude  and -3.5 r au t i ca lmi l e  range :re indtczted Fr- Pigwe 
72 c a s e d  by excessi-Te t h r u s t ,  and, using the  tLTe-averagei mtsaligment 

value, Figure 75 (extllzpolatec?) in69cates errors  of -6,733 f ee t  altitucle 
and +C13.2 nautical  miles rznge due t o  misaligment. The net resul t  is ac 
a?proximate terminal .;losition 33,X f ee t  below and 3.3 naxt,ical nfles short 
of tne ncminal hover point. 

For early or l s t e  ig”it5oxi (i.e., deviations from ignitlon a t  ;eria?sis) 
the nominal t r a j e c t o q  again d i f f e r s  f rm t h e  appropriate gravity-turn 
maneuver; the  magnitude of the deviation is shown i n  Figure 78 (canpare 
tEs with Figure 77 ). 
er ror  i s  agroximateki 3 . s  degrees and an ea r lp ign i t ion  (h9 seconds) 
t ra jectory a t t a ins  a-hover point Urn feet below and 0.93 n i l e  beyod 
the point that would be reached If a gravtty-turn manemer xere s -= lqed .  
Note that i n  t h i s  m a p l e ,  e a r2  i,m=?ition and nisalignment 
the  hover point belou the nominal altit.Jde; i n  the  high thrust case, 
misa l ipnent  lowered t h e  hover point while the  a2ded t h r u s t  raised it, 

I n  t h i s  case, the time-averaged misaligmerrt 

30th Lover 

Results 

For a l l  of the  errors ccnsidered (see Table 
requirements needed t o  decelerate the landing vehicle t o  a Lover pos5tion 
were within a band defined by S98L + 23 ft/se~. 
influence that propulsion e r r o r s  base on propellant requirenents is relzted 
t o  t h e  displacement of the hover position, rather than t o  t h e  pmpulsion 
requirement t o  a t t a in  zero v e l o c i ~ ,  

5 ), tine idea l  velocity 

Thus, the si@f5cant 

Values of displacement from the  nominal hover point are p ~ s e n t e d  in 
Table 5 for  representative deviations from nominal performance of lunar- 
orbi t  landing maneuverSr 3 

- I .  
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Error AAltitude, feet 

+2 percent Thrust; 
SpecSfjc Impulse Constant +2710 

+2 percent Thrust j 
+2 percent Specjfic Impulse +1&Q 

ARange, n m i  

-3 -48 

-2.88 

Ignition 20 seccnds Early +le0 -2.88 

- U O  +.o . 10 
To accoufit f o r  a l t i t ude  deviations introd=ced. 

, et above the l u m r  surface. Srrors 5n eXL5FZc @rKt periapsis zltitxde, 
not evaluated ir, this study, shod6 be a&2& tc f k s e  values, %e ;.m~ulsion ,, requiraer?ts f o r  translation ard 5escertt t o  t:?e r.cxi.ral landing $:%e fm the  
positions iEdicated above are on t h e  01'6- PZ seTercL t'nocsane ft /sec k EO& 
instances, arid therefore correctlve neasmes scc'r, . -  2s erzine t ' k r o t t l l z g  shmX 
be in i t fa ted  durfrz the  main propulsion phzse r=;cer tkr after rebc'?i%g the 
hover point. The vehicle can desceni! f rm tke k c e r  poZ nt din- %e s x b  
sequent t ranslat ion maneuver; the a l t f tu6e  ::rL~ rter, be on the  o k e r  of a 
few hundred f e e t  when t he  vehicle arrive6 z t  E pcfrrt EizectU abcve the. 
desired landing site, 

t 5 e  propulston o r  t r a j e c t o q  
ors cc?nsidered, t h e  nominal hover positi,or_ skcuX be a g r o x ; h t e f r  SOW 

/,' 
/ 

KmIm BEOBT 
Provision of mission abort  capability it a lmzr or planetarj. kErg vehicle 
requires tha t  the available propulsion qrstesls l e  dfk ient  t o  p d c m  nut 
only the  maneuvers associeted Kith a successfulzission, but a l s o  tke  ~aneuver~ 
required t o  inplemerrt en abort dec lsbn ,  A *brute force* soluticc u0.a be to 
provide an independat abort propulsion --&en (kiich would be discarded if CD 
abort were required), A more ef f ic ien t  approact 2s t o  supplement the .XandiXg 
and/or takeoff propubion systems, adfitzoo, necessary, propenant 
capacity and/or sui table  selection of t h r u s t  levels, so as t o  e E b c e  t h e i r  
capabi l i t ies  suff ic ient ly  to encompass aFjo-rt req5renents a s  well as ron%5ne 
landing and takeoff requiremds.  
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k . 6 i y  frm lunar orbi t  may be dtvided into thee gkses:  
0,' t+ c;sc'dzr cry i t  t o  an eUiTse etii a l ox  a l t i t ~ e  Fer'rqatuori; (2) 
Foxcered. ?escert f rm pericynth5on t o  hcver alt i tude; (3) t ra rs la t ion  and 
descezt. -ce FrEsert analysis was c m c m e d  x5th abort &x5r4 tke secmd 
>,hrse. ,r?e zurpose of  the abort macexer irzs t o  place t h e  vehicle In a 
S3-c ni circzlar  orhjt .  Other t emiqa l  con65tions could have been choserr 
(e.g., ?Sferezit c i rcular  orbi t  a l t i tudes CY -.-afious eTl iyes  h . c h  20 not 
5r;terEect t k e  l_ur?zz surface); however, the selected tennical cc&tlcns 
2-e reascna?le, pzrtfcularly *her t k e  lunar rendez-nus crccept is ccrs5erecL 

(1) comers5on 

"I. 

n- 

Ir, t k e  >resect stuq;, abort propulzicn r e q l r e z e r t s  were et-aLua+,& ?CY ooe- 
ZL< 2,z-ataSe veh5 cles perf onn5ng the  lanr25rS-from-orbit ar.5 rekrz-to-orbit 
mre:vers of a lumr mksion. For the tr.:o-stage vekicle, sqa--ate m2X;ses 
;:ere cczducted t o  deternine the mo2if5catlcrs ceeded iC a'cort is t o  t e  7s- 
I ^ o x e d  1) 5;; the  laEding stage, and 2 )  

Ti-e reFresmtative l a d i n g  trajectory fro; which abort occurs was the sane 
f o r  both vehicle ccnfigumtiors c o r s i d e r d ;  vef.;'iclc f l i g h t  aarazet- are 
shc:~tr is, F i b w e  79. The t ra jectoq-  is  for a l a d i n g  vehicle which applies 
re t rc thrust  ac t ipara l le l  t o  t h e  veloc5t:r vector. The ccrvees preserrt, for 
ar=;; p ~ 2 . 5  along the descent tmjcc tor j ,  the orientation o,C the vehicLe with 
resrect  % t t e  local  horizontal, the  decrease of tke selexocentric ireI. t ial  
velacft:;. ol' t h e  vehicle a& the ircrease tr, vehicle ti-zzs5-to-(Earti) weight 
ratf.0. 
ET: ZZY"~ t ? r x t - t o - w x i g h  n t i o  of 0.L a t  tke start of t i e  eescent rzze-ner 
z - r x k r z t e x :  - -  C0,".30 feet above the lcmr szZace. 
descett, t k e  7ehicLe reaches zero velocity a d  is orierrted i n  E vertkal 
pcsitfon. 
t o  p o e 6 e  f o r  hover-translatior mazeuvers. 
a t  tf-e Zzs?,=nt t ne  abort deci,sion 5s made, t h e  vehicle reorier;ts to the 
deslred a5ort mxeuver a t t i t ude  and applies thxllst (the value of ubkk is 
depexiert on the ;art icular analys5s involved) u n t i l  sufficient veloci,ty is 
gererated t o  transfom the  trajectory t o  an e l l i p se  with a 53-n m i  apocpthion, 
AZter coasticg t o  apocynthion, a fir21 prqu l s ive  maneuver is executed to 
circulaM ' z e  the orbit ,  

the takeoff stage. 

?-e vehlcle ccnsldered had a spec5flc inpulse of 315 secerzs is-d 

A t  the f l n a l  pint of 

A Sias al t i tude can be superLrose6 on the  al t l tcde c k 2 ~ c t W i s t i c  
It was  additionally azsaed that . 

- 
Sirzle Stage Lard9cg-Takeoff Vehicle. 
IF/%' = m )  a5or t  naceuvers were  first stdied. 

For the  single, &age vehicle, hpuhih 
The vehicle velocity vector 

(V) is known a t  each point on the laEd4ng trajectory as is the velo-dty vector 
(V,> required t o  make t h a t  point t h e  pericynthion of a Hotmnznn trznsfer ellipse 
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Figure 80 is a plot of t h e  sum of tne tm 1k.pclsive velocity increments 
require6 2s a f.mctfoc of tine point (alt5tude) on the  l a d i n g  t ra jectorg 
a t  wbicf., &o=t  I s  -Lr,itSated. 
because evec C akor t  xere i r3 t ia ted  s;,lllt=neocsR- with the  powered-descent 
manewer, t t c r e  vo-~ld st i l l  5e a velocity ircrernent required a t  apocyrrthian. 

During the  earl;: phases of the landlng traSectorq-, velocity i s  re6ucd with- 
out m m i :  e t i t u 6 e  loss. 
reflect& ir the steep nature of tine abort veloc'itZ7 requirenent curve at  
high alt5tsdes. 
vectors a d  thus t o  higher abort velocity requ5ranerrts. The vehicle velocity 
is zero at t t e  surface a d  t h e  velocity shom at*at point i n  Figure 
the  impulsi7e velocity requirement for takeoff to t h e  SO-n m i  orbi t  al t i tude.  

Use of non-bpulsive abort mafiecvers was next cons5dered. 
t h e  abort maceuver wtth the  F/W existing a t  the t Z m e  of abort. 
a l t i t ude  a'rorts kid the advantage of higher values of F h .  
was agasamze tha t  the vehicle was capable o? irstantaneous reorientation of 
t he  vehtcle thrust vector a t  the time of atoFt. 
t he  thrust  vector was mailltained a t  a constarrt a t t i t ude  (with respect=Lto the 
loca l  ver t ical)  throtighout the  abort maneuver. 
orientat'on during abort on the abort t r a j e c t o r j  and velocity requi~Siknts  
was also stddied. ~ 

The curve does cot intersect theAVi vris 

( In  fact ,  a sI.ight iccrease occurs.) This is 

Lo>ier abort a l t i tudes corres?ond t o  lower vehicle velocity 

is 

The vehicle began 
Thus, lower 

The slmpllficatian 

A f t =  t h i s  reorientation, 

The effect of thrust-dor 
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A typical  landing-abart trajectory is sketched belaw and indicates that 
the  a l t i tude  *ere a%ort is ini t ia ted,  ho, is  not the  minim\ma alt i tude,  
hSn, t o  which the  vehicle descends during the maneuver. 
loss (ho-& ) CZG be minimized by pointing the thrust  vector s t ra ight  up. 
However, 
requirements. 

The altitude 

s is not an eff ic ient  maneuver as it resul ts  in  high velocity 

/' 
/ '  

.-, 
1 \ 

\ 

The impnlsive velocitp requireme& curve of Figure 80 
Figure 81 . 

on the  impuhfve ct;rve with the  minimum loss value of %, obtained 
each dashed l i n e  r n q  be referred to, sanewhat paradoxicaw, 88 (h 
The locus o? these points is plotted i n  Figure 81. The signi.fican&ncrease 
i n  abort veloc5t.y requirement above the  impulsive value is also indicated 
t h i s  curve. orienting the velocit? 
vector 5~ a more h o r i z o n t a l  direction, 
orientation is that  a more horizontal t h r u s t  vector results in lower valnes 
of h. 
A sumaazy of Figure 81 may be made 
the  figure, 
of 25,000 feet. 
minjmm altitude, and. the velocity requirement uould be 406s ft/sec, 
the  actual P/U uhich was i n  existence at  the  instant of abort (0.60) the 
maneuver can be perfomed without descending below 20,600 feet 
orientat im of the thrnst  vector as shown by point B. 

is reproduced in 
The dashed l ines  i n  this figure connect the abort altitude, 

hO, using a vert ical  t'lzst orientation vector. The upper tennims of 
)iaar. 

These veloc5t.g losses m y  be redaced 
The disadvantage of this thrnst 

This effect is shown for three specific abort poirrts i n  FigaFe 

considering the  points A, B, C op 
Point A indicates that the abort uas initiated a t  an altitude 

If * w i v e  thrtlst w e r e  available, t M s  would be the  
U s b g  

vertical 
The i d e a l  vel0Cit.J 
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F m e  81. Velocity Requiremehs for Abort frau Lunar La&bg 
vs Minimum Abort  Wajectory A l t i t u d e  
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required ~IJ this naneuver uas 6200 ft/sec. 
such that. the abort trajectory uas tangerrt t o  the surface (point C; Le., 
Qn = 0) the velocity requirements could be reduced t o  0 1 0  ft/sec. 

Two-Stage Vehicle, 
employs the ffrst stage f o r  t h e  larding-from-orbit and hover-translation 
maneuvers snc? the seccrd stage f o r  takeoff-to-orbit, 
modes o,C vehicle n-ication exist f o r  providing the ab i l i ty  t o  p d m  
an abort operation. These are: 

Q orienting the th rus t  vector 

The two-stzge vehicle selected f o r  analysis nosafmlly 

Several alternative 

1) %&Cy lardtrig-stage capabili t ies t o  asme that 5% 58 
suff ic ient  by itself t o  acccnuplish abort 

i 

.\ 

2) !?- both stages t o  guarantee tha t  between them, they 
can meet a q  abort requhments 

3) Nodm takeoff stage t o  provide it with adequate abort 
capability for a q  point along the  Landing t r a j ec tow 

The first and t h i rd  alternatives uere selected f o r  detailed investigation 
iri t he  present stw, 
Jiuplementaticn of an abort operation can be achieved by varioas abort 
maneuvers u t i l i z icg  diCf went  tl.rust programs and trajectories,  
sxanple, the vehicle can e i ther  return m e d i a t e l y  t o  the original ParMPg 
orbit, re-establish ar-other parkirg orbi t 'near  the abort alt i tude,  or 
keep desceEding t o  a point near the lunar surface where a l o w  a l t i t ude  
grazirg encounter may take place before ascending t o  a predetermined orbit ,  
The term, 'graze", refers t o  tra:ectories such as those illustrated i n  
Figure whfch pass close t o  the lunar surface during the  abort maneuver, 
For t h i s  abort trajectory, the  sum of the  gravity and thrust vector mis- 
alignment losses are near m i d m m ,  

For 

LaEdiTig Stage for Abort, The init id.  stucfy was dbected at evaluating 

The tu0 extreme coaditions are inmediate 
t h e  feasibility of u t i l i z iog  the landing-stage propulsson system for per- 
formance of the abort maneuver. 
apparent, Ffrst, if t h e  abort i s  initiated very ear3y i n  the descent phase, 
the landing stage has ccnsumed only a small amount of propellant, and vehicle 
velocity is s t l l l  quite high; it is therefore evident that the remaining 
propellant fo r  t h e  landing maraver is more than adequate t o  perform t h e  
abort manemer without recmrse t o  any supplenentarg propulsive capabilitp, 
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A t  the  other &reme, near the ternination of the  landing manewer, the 
landing stage has exhausted its propellant supply and reduced vehicle 
velocity t o  nearly zero, and abort executed by t he  landing stage at t h i s  
point would require a supplementary velocity capability approxhately 
equal t o  the capability of the takeoff stage; this redundancy is equiva- 
l en t  t o  the  "brute force" approach mentioned earlier. Between these 
extremes, there exists a region i n  which the landing stage can perforas 
the  abort maneuver without, o r  with modest, supplementary propulsive 
capability. 

T h r e e  trajectol-;r types were exaained for abort perfarmed 
stage. 
rotated instantaneously t o  90 degrees with respect t o  the local horizon- 
t a l  (straight up) and remained i n  tha t  position u n t i l  the achievsaent of 
sufficient velocit? f o r  t h e  coast phase t o  50 n m i ,  This type of maneuver 
establishes t h e  50-n m i  orbit  u5th a rninhum loss  i n  elevation and in the 
quickest time; however, the velocity requirements are  high. A decrease in 
abort velocity requirements occurs with the  use of the  grazing trajectargr 
shown i n  Figure 82 . In  t h i s  trajectory (second case) the  vehicle thrwt 
vector was rotated t o  a particular constant angle, smaller than 90 degrees, 
which allowed the vehicle t o  graze the lunar surface pr ior  t o  coasting t o  
the  50-11 mi altitude. 
the  lowest abort velocjty requirenents, In  the  abort trajectory sham by 
Figure 82 , the thrust  vector :?as instantaneously rotated to  a prescribed 
position and alloued t o  ranain i n  that position u n t i l  the vehicle reached 
the  lowest point of a grazing trajectory, considered t o  be ten percent of 
the  initial abort altitude. 
altftude, the thrust  vector was reoriented t o  a position which assnred 
constant, low a l t i tude  f l igh t  above the  lunar surface u n t i l  sufficient 
velocity was acquired f o r  coast t o  the 50-n m i  apocynthion height, 

the  landing 
The first case assmed the thrust vector of the  vehicle was 

The t z j e c t o r y  ( third case) shavn i n  Figure 82 affers 

When the abort vehicle reached th i s  mintmrna 

The reduction i n  ranaining velocity capability (assuming no hovering 
allowance) for a landing stage traversing its landing t r a s e c t o q  and the 
corresponding increase i n  abort velocity requireuents (for  abort tmectorg 

is adequate f o r  abort maneuvers in i t ia ted  above 46,000 feet; thereafter, 
snpplwentazy capability equal t o  the  difference between the tam curves is 
required if the  landirg stage is t o  perfom the  abort manenver, 

--- For these three types of abort t ra jector ies  consideredathe ideal velocity 
_- =- requirements needed t o  establish a 50-n mi orbit as a f'unction of initial 

abort a l t i tude  are shown in F i v e  a . In i t i a l  thrust-to-ueight ratio6 
for each abort maneuver corresponded t o  the  descent thrust-to-weight ratioa 

l type 3) is presented in  Figure 83. It ds evident t h a t  the stage capability 

- ! 
- 
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Fig. 83 . Nominal Landing and Minimum Abort Velocitp Requirement8 
vs AbortAptitnde 
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3 
of the vehicle a t  the abort point. 
to-weight ra t io  of the lading stage a t  the  abort point- 

The differences in abo,-t t ra jector ies  between t h e  lunar graze t ra jectory 
which maintains a constant thrust-vector angle and t h e  lunar-graze 
t ra jectorg uhich u t i l i z e s  a variable thrast-vector angle are i l l u s t r a t ed  
i n  Figure Changes in a l t i tude  and range, 01 distance covered above 
the lunar surface, before the coast phase t o  53-n mi are  shown f o r  a 
vehicle which aborts a t  as a l t i tude  of &2W f ee t  a5ove the lunar surface, 
The range distance of 63.2 n mi covered by the  vehicle &Ale building up 
sufficient velocity t c  coast t o  5.Sn ;;i corresponds t o  a lunar arc angle 
or approximately 5 degrees. 

This, of cowse, is equal t he  thrust- 

85 , 
- 

Tikeoff Stage fcr ALS0l.t.- Use of the tskeoff stage for abort is 
strm ly suggested bp t h e  f ac t  that  the lamiing stage might not be avail- 
a k l e  f i,e., the  need f o r  abort might have been precipitated by a landing 
propulsion system ma?"mction) and the takeoff stage has its en t i r e  pro- 
pulsive capability available throughout the landing maneuver, The lrmar 
takeoff stage may perfam an abort maneuver a t  aqy point of t he  descent 
t ra jectory provided the thrust-to-weight ra t io  aad velocity requiremerrts 
f o r  the takeoff stage are satisfied f o r  each abort point. 
immediately apparent har the takeoff propulsive capability could be aqy- 
thing but adequate f o r  t h e  abort maneuver; however, near the  lunar d a c e ,  
it is possible t o  fornulate a si tuation i n  which the takeoff stage F/U 
i s  inadequate t o  propel the vehicle upward before iner t ia  of t he  vehicle 
carr ies  it t o  inpact a t  the  snface .  
velocity increments, qressed as a function oZ abort altitude and 
i n i t i d  takeoff stage (a5ort stage) thrst-to-weight ratto,  required 
the  takeoff stage t o  establish a 50-n m i  circumlunar O r b i t ,  
of t he  plot  uge based up0n.a grazing circularization abort trajectory. 
Asslrmed i n  the abort ?aar?euver vas instantaneous jettisoning of t h e  landing 
stage and instantaneous orientation of the t h r u s t  vector to the  prescribed 
abort position. 
orientation of the abort stage (takeoff stage) or thrust-vector angle with 
respect t o  the  loca l  horizontal during the lunar descent portion of the 
abort trajecto-, Thus, if it uere necessary t o  perform an abort maneuver 
a t  an a l t i t ude  of 20,030 feet with a takeoff stage having an initial thraat 

t o  30 degrees, 

, 

,, It is nut 
I' 

0 
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Shown i n  Figure & are the ideal 
/ 
i 

!he results 

The dotted l ines  i n  Figure 86 irxlicate the  i n i t i a l  constant 

to-weight r a t i o  of 0.5, the thst vector angle wsuld initially be rotated J- 

This angle uill cause the vehicle t o  graze t h e  lunar &ace. 

The mi&m thmst-to-wei&t r a t io  f o r  abort as a function of abort a l t i tude  
based upon the  previously defined grazing-circularization abort trajeclxqy 
is i l l u s t r a t ed  i n  Figure 87 . The plot is based upon zero-hover altitude, -- 
and a colaparison betueen the normal increase i n  vehicle descent thrust-to- 
weight and the mininnrm allowable thrust-to-weight r a t i o  for abort is 
i l lus t ra ted ,  This rninjnnm thrust-to-weight r a t io  which is aUirvable 3 
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corresponds t o  t h e  th rus t  vector angle pointing ver t ical ly  upuard during 
the  e a r v  descent portion of the grazing-circularization maneuver. Analysis 
oT the  data presexted i n  Figure 87 indrcates that t h e  abort stage or  lunar- 
takeoff stage should be designed for an in i t i a l  thrust-to-ueight r a t i o  equal 
t o  or greater than the  ver t ica l  canponent of the thrust-to-ueight r a t i o  of 
the  noma1 landing stage a t  t h e  canpletion O? descent, For the descent *a- 
j e c t o r j  u t i l i zed  i n  t h i s  study, the vehicle orients itself t o  the  vertical. 
position uhile hovering; the  maximum ver t ica l  canponent of thrust-to-Earth- 
weight r a t io  is 0.63, which is therefore the  required i n i t i a l  thrust-to-ueight 
ra t io  of the takeoff stage, 

The abort thrust-to-weight reo-uirenerrts i f  no allouances are made for a hover 
a l t i tude  are indicated i n  Figure 
abort thrust-to-weight r a t i o  re;’-ents c2n be seen i n  Figure 88 With 
no hover altitude, the thrust-to-ueight r z t i o  rquirenent for abort increases 
Kith decreasing altitude. Thus, f o r  abort capabili t ies at  a l l  altitutes, the 
minimMl design F/W is defined by ze ro  a l t i tude  conditions. 
a l t i tude  is introduced,.the minimum allowable thrust-to-weight r a t i o  is shifted 
t o  a higher abort altitude. 
Figure 79 , if no allowances were made for a hover altitude, the minlanma abort  
F/W requirement would be 0.63 and vauld occur a t  the point of touchdo-, 
Adding a hobfoot  hover altitude louers t h e  minimum abort F/w requirsaent t o  
0.43; t h i s  value of F/W is rewred if abort uere executed a t  an altitude of 
1800 feet. 

87. The effects of a hover altitude on 

When a haver 

Thus, for  the typical descent t ra jectory shoun 

8’ 

The ideal  velocity requirements f o r  a nominal lunar takeoff mission are 
shown i nF igure  89 as a function of t h e  i n i t i a l  thrust-to-weight r a t i o  of 
t he  veEcle. Orbital velocitp €or t h e  nominaltakeoff mission was achieved 
d-ng l a w  constant a l t i tude fU&t above the  lunar surface. An a d d i t i d  
velocity increment must be added t o  the  mini=aum takeoff stage requireaents 
(Figure 89 ) if abort should be considered a t  the lower alt i tudes,  If no 
hover altitude were  considered f o r  a lunar takeoff stage uhich performs an 
abort maneuver below 2350 feet, the nominal takeoff stage (F/Wo = 0.63) 
should be designed for  an additiaaalAV of 59 f ee t  per s e c o d  as shown in 
Figure A t  aqy abort a l t i tude  above 3100 feet ,  t he  normal takeoff 
capabilities would provide sufficient velocity for abort, 

The addition of aqp hover altitude reduces the  thrust-to-weight r a t i o  
requirements f o r  t h e  abort stage; however, if thrust-to-weight ratio is 
decreased, abort velocity-requirenent penalties are increased a t  t h e  lower 
altitudes. 
a l t i tudes are shown in Figure 90 for hover a l t i tudes of 100, 400, 700, 
loo0 a& SO0 feet. 

90 . 

The increases ur variations in velocity requiranents with abort 

The variations inAV are relative t o  the  nominal lunar 
takeoff m i s s i o n  shown in FSgare 89 0 7 
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Conclusions. A single-stage landing/takeof f vehicle designed for opt- 
performance of the  landing and takeoff maneuvers is capable of perfonuing 
an abort maneuver from any polnt on the landing t ra jedorg.  

The landing stage of a two-stage land3n$takeoff vehicle cannot perforn 
the  abort maneuver below 46,000 feet (for the  vehicle and trajectorg 
considered i n  the  analysis) without supplementary propulsive capability 
above tha t  required for landing. 
is adequate f o r  perfoming the  zbort maneuver if its in i t ia l  thrust-to- 
weight ra t io  is a t  least equal t o  t he  ver t ica l  component of the  final thrust- 
to-ueight r a t i o  of t he  landing stage; lower thrust-to-weights are penalssible 
if the  landing trajectory is biased t o  achieve zero velocity a t . a  posit ive 
distance above the Surface. 

The takeoff stage of a tuo-stage vehicle 

Maneaver Concepts 

For a nonaerudynamic planetary landing mission, %t DW be desirable, follow- 
ing the  major deceleration maneuver, t o  hover briefly at a point i n  space 
w h i l e  evaluating subsequent action, and then t o  perfom a translationmaneuVe 
pr ior  t o  the actual landing. Landing-site selection, planetary surface SU~VEQT 
or  need t o  reach a specific surface location can require atranslationmaneuver, 
Severalmethods f o r  applying rocket pmpulsion systerns t o  the  perfonnance of 
t h i s  maneuver are possible. The two basic propulsion methods are catego- 
as ballistic or continuous, u i t h  the  latter capable of providing h o r i z o M  
translation. Horizontal translation can be perforated u i th  a multiengine 
system or a single engine system. The general characterlstics of theaethDds 
are described i n  Figure 91 3 a coast phase is possible i n  e i ther  the  multi- 
engine or single-engine system, although it is shown only f o r  t he  mnltiengbe 
SY- 

As indicated i n  the landing-fhxu-orbit m r  analysis presented earlier, the 
vehicle may be several thousand feet above the lunar surface at the start of 
t h e  translation mane~~~er;  it muld i n  t h i s  case be desirable to descead con- 
currently while perfowSng the translation ma??euver. 
l a t ion  maneuver is in i t ia ted  at a pofnt a short distance above the d a c ~  
a constant-gltitude maneuver uwld be requir&. 
exist, an3 have therefor8 been considered 5x1 t he  anausis of translation 
m a n a V m *  

- 

If, however, the trans- 

Both these possibilitiw 
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H o v e r i ~ .  P r io r  to, or  perhaps following, a lunar translation maneuver a 
hovering (constant a l t i tude)  maneuver may be required f o r  p i lo t  orientation 
or other purposes, To achieve constant alt i tude,  an i n i t i a l  thrust-to- 
lunar weight r a t i o  of 1:l m u s t  be a@oyed, and the  ecgine th rus t  m u s t  be* 
decreased during the  hovering as  propellant is consmm3, TheAV be 
calculated byt 

. 

i 

A V p g  t 

where: g = lunar surface gravity, 5.31 rt/sec2 
t = hover time, secoads 

The propellant c o d  (5) i s 2  

.2 - 1 - e  - AV/32,2(Is) . 

For a variation i n  hover time, the throt t l ing r a t i o  is indicated in Figpre 
92 far lunar (near-surface) hovering, This hover-bgAV and throt t l ing 
required must be included with the na2n descer?t phase, translation phase, 
and final descent phase requirenents- 

Ba l l i s t i c  Maneuver. 
Reference 4 and begins a f t e r  the vehicle has been bruught t o  a hover 
o r  near-Dover condition. 
f i r i n g  angle. 
vector angle i s  held constant, A t  the  end of the boost phase, tbrast is 
terminated and the vehicle is allowed t o  coast t o  the retrorocket fkhg 
a l t i tude  where the  vehicle is aligned along the  velocity vector a d  thrust 
is applied para l le l  t o  velocity t o  ensure tha t  zero horixodal axxi vertical 
velocit ies &e attained s l . m i I . h ~ ~ ~ J ~ ~  

The b a l l i s t i c  maneuver is described in d e t a i l  in 

The vehicle is first rotated t o  t he  propc?r 
T h r u s t  is then ini t ia ted ard malntaiced a l e  t h e  tM 

T h i s  maneuver has several undesirable features. It requires that the v&de 
be turned through a v e q  large angle just  pr ior  t o  retrorocket firing, and it 
also requires t h a t  the engine be restarted; failare t o  restart coold be 
disastrous, 
t he  i n i t i a l  firing phase, 

-0, t he  translation distance camot be easily altered after 

.. . '.( 
. .  
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Continuous Propulsion Maneuver. 
constant a l t i tude  with a vehicle that provides separate engines f o r t h e  

This manemer can be perfonued at  near- 

vertical and horizontal thrust requirements, cr with a vehicle that 
or ients  itself t o  a l l o w  a dingle engine t o  provide both th rus t  camponents. 

Multiengine Systea. With the  multiengifie systen, the  maneuver is 
/ - i n i t i a t e d  f r o m  a hovering position, alld horizontal acceleration is provided 

by a h o r i z o n t a u  mounted engine. After t h e  required horizontal velocity is 
, attained, the  engine is shut off, and a coast phase (optional) begins. The 

vehicle i s  ther, decelerated t o  a hover condltion by rotating 180 degrees and 
using t h e  same horizmtal  engine; alternatlre?, 8 diametrically opposed 
horizontal engine could be used t o  apply the  decelerating th rus t .  

Some of t h e  undesisable characteristics of the multiengine system are the 
requirements t ha t  the horizontal engine be restarted and/or the  vehicle 
rdtated through 180 degrees f o r  the  deceleration phase. Also, a weight 
, penalty due t o  the  auxiliary engine system is ir?curred, In Reference 4 , 

it is s h m  that a sirgle engine system is more efficient since one engine 

required, providing a saving i n  propellant necessary t o  perfom t he  maneuver. 

,I' 

i 
/ provides both the horizontal and vert ical  t h s t  canponents that are 

Single-Eng5re System, For the  single-=@ne s p t e m ,  the  hoxlzontal 
acceleration is provided by t i l t i n g  the vehtcle dounraqge. 
reversed appror5matel.y midway through t h e  marmver t o  stop the  horizontal 
t ranslat ion at the  desired distance, 
thrust  cmponent can, by proper selection of thrust  level and vehicle 
orientation, be adjusted t o  be equal to, greater or less than the  systep 
weight. 

The process" is 

I n  the  t i l t e d  position, the  vertical 

3 

If the  thrust  is constant and is equal t o  o r  less than the vehicle weight, 
then i n  the rotated position, the ver t ica l  thrust  cmponent is less tban 
t h e  ueight, and the vehicle descends during t h e  translation maneuver; con- 
versely, i f  t he  thmst is  sufficiently great so tha t  after t i l t i ng  the 
vertical component is grea te r than  the  weight, the  vehicle r ises during the 
translation. 
maneuver, the c h g e  i n  vehicle ueight as propellant is consumed cause8 the 
vehicle t o  descend during the acceleration phase and then rise d a n g  the 
deceleration phase, resulting i n  a neareonstant a l t i tude f o r  t he  overal l  
maneuver. A continuously constant altitude maneuver can be obtained, if 
required, by the  use of engine thrust  control t o  increase the thrust  after 

I& selecting a suitable i n i t i a l  thrust f o r  a desired translation 
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t i l t i n g  t o  maintain a vert ical  thrust-to-weight r a t i o  of 1.0. 
thrust ,  single-ccgine maneuver is evaluated i n  Reference 4 
later i n  a canpzrison of varims translationmaneuver techniques. 

A variable-' , and is discussed 

A power-on coast phase, with ver t ical l$-directd thrust  used t o  maintain (or 
alter ir a desired manner) t he  altitude, may be introduced between the dow- 
range acceleration and deceleration phases. 
the  vehicle first be rotated and accelerated dawnrange, then turned t o  a 
ver t ica l  position f o r  the coast. 
procedure is reversed t o  decelerate the vehicle. 

This coast phase requires that 

Following the coast phase, the orientation 

Constant T h r u s t  AnaL V S i S  

Analysis was conducted t o  investigate the  use of constant th rus t  during the 
entire lunar translation maneuver. This analysis was. performed t o  evaluate 
t&e feas ib i l i ty  of the  method and thereby t o  indicate whether ~uslanerxts of 
thrust  level are necessary during translation. The s t e  includes inves- 
t igation of the  effects of engine g h b a l  capability, vehicle orientation 
and t h e  presence of an intermediate coast phase on characteristics of the 
translation maneuver. 

- 
Maneuver Method, 
stant during the ent i re  translatfon maneuver. 
i l lus t ra ted  i o  Figure 93. 
near-hover position with no horizontal velocity. 
required orientation angle (measured from the local. horizontal) & g%baUng 
t he  main engine, 
angle, t h e  engine is gimbaled i n  the  opposite direction %o apply a deceler- 
ating moment t o  s top- the  rotation at  the desired orientation angle. 
thrus t  vector is then directed through the vehScle center of gravity, 
the t i l t e d  position, the  horizontal thrust component provides the  horizontal 
acceleration. 
a specified time. 
t o  a t t a in  the  desired orientation angle for horizontal deceleration. 
vehicle decelerates unti l  t he  horizontal velocity is such t h a t  if the  veklcle 
begiris t o  ro ta te  back t o  a vertical podt ion  a t  t h i s  point, it Vill have a 
zero horizontal velocity uben it reaches the ver t ical  pos i l501~ The fin& 
descent t o  the  planetary surface can then be madee 

I n  the  translation analysis conducted, the thrust is con- 

The vehicle is initials i n  a ver t ical  hover or 
It is then rotated t o  the 

The maneuver profile is 

When the  vehicle bas rotated through half of the  desired 

The 
In 

The vehicle then accelerates i n  the horizontal direction for 
The rotation procedure is then reversed lq engine ghbakbg 

The 
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Engine Girabalix, 
translation technique includes a f inite interval f o r  vehicle orientation, 
but it assumes t h a t  engine gimbaling is instantaneous. 
t ranslat ion manewer, t h e  vehicle turning requires approximately 3 t o  & 
seconds, w h i l e  the  engine gimbaling time is 0.2 t o  0.3 seconds, 
transient motion of the  engine uere considered, t o q u e  on t h e  vehicle, 
and therefore vehicle angular acceleration, would reach the naninal value 
during the  f i n i t e  time required t o  gimbal the engine rather than instan- 
taneously, as assumed; t h e  analysis m o d e l  vehicle therefore receives 
s l igh t ly  more angular impulse than it would i n  reality, and it perfaws 
t h e  turn maneuver s l ight ly  faster than it actually could. 
was examined by using a s l igh t ly  smaller vehicle angular acceleration 
during t h e  turning maneuvers. 
angular acceleration has a very s;,all effect on the overall  trajectarp 
and t ranslat ion times, which justifies t he  assumption of instantaneous 
gimbal motion i n  subsequent analysis, 

The significance of t h e  magnitude of engine-gimbal angle on the  overa l l  
t ranslat ion t ra jectory was evaluated, For relatively small anghs, 
represerrtative of the  normal range of rocket engine gimbal capabiliths, 
gimbal angle i s  d i rec t ly  proportional t o  vehicle angular acceleration, 
and therefore governs t h e  dynamics of the  turn p o r t i m  of translation 
maneuvers, 

The analysis of the  single-engine, constant t M  

For a typical 

If 

This effect 

Results irdicated tha t  a snaU change in 

Caaparison of Figure 94and 95shov that f o r  an increase i n  gimbal angle, 
t h e  same horizoEta1 distance is covered in a s l igh t ly  shorter tixae for 
the  higher gimbal angle, based on the  same vehicle orientation angle, 
Also for the  higher gimbal angle, t h e  loss i n  altitude during the trans- 
l a t ion  maneuver is s l igh t ly  greater since t h e  rotation intervals, during 
which the  ver t ica l  component of th rus t  is greatest, are shorter, 

Vehicle M e n t a t i o n  Angle. 
c a n m e  is neater f o r  ranaller vehicle orientation angles; as a result 

A t  a given th rus t  level, the  horizontal thrust 

gr&ter horizontal veloci t ies  ard distances are a t t a l n d  i n  the same rnamu'ver 
duration. 
t o  ehow the  effect of vehicle orientation angle, 
initial vehicle thrust-to-weight r a t i o  of 1mOa 
orientation angle, there i s  less v e r t i c a l  tbnrst caaponent, and t h e  vehicle 
loses  more a l t i t ude  during the t ranslat ion maneuver, 
desired when smaller vehicle orientation angles are used, t he  thrust=* 
weight r a t io  could be increased such that the  vertical c q o n e &  of thrust- 

The data presented in  Figure 96 can be compared with F i v e  % 
The data are for an 

With the mall- vehicle 

If deercent is not 

to-weight r a t i o  
altitude during 
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Constant Altitude Translation. 
a near-constant a l t i t ude  dur;lns the t ranslat ion maneuver was made, 

An analysis of t he  feaszbi l i ty  of mairtalning 
A vehicle 

orientation angle of 60 degrees, a gimbal angle of +Sdeg.ees and vehicle 
angular acceleration of 10 deg/sec2 were used. 
presented i n  Figure 97 . 
was employed so t h a t  after the vehicle assumed an angle 33 degFees frcrm t h e  
ver t ical ,  the ve r t i ca l  component of thrust-to-weight r a t i o  was s l i g h t u  less 
than 1.0. 
procedure and then descend during t h e  acceleration phase, 
vehicle weight decreased as propellant was consumed, a & r a d E d  ascent occarred 
during the  deceleration phase. 

Repeesentative results are 
An i n i t i a l  thrust-to-weight r a t i o  greater than 1.0 

This allowed the  vehicle t o  rise s l igh t ly  during t h e  t i l t i n g  
Then, because 

The analysis results indicate tha t  a near-constant a l t i tude translation 
maneuver can be accomplished above the surface by app-ing a constant thnxst 
throughout t h e  maneuver, The restr ic t ions are simply tha t  t te  thrus t  a r d o r  
vehicle orientation angle m u s t  be selected so t h a t  the  ccrrect ver t ical  
ccmponent of thrust-to-weight r a t i o  is obtained, 

Intermediate Coast Phase. @ne alternative t o  the rear-constant altitude 
translat ion maneuver described above is a coast phase ir,troduced betwen t h e  
acceleration and deceleration phases, Analysis of coast phase indicates that 
it offers feu advantages other than a longer t r a n s l a t i o l l t b e ,  which pv5des 
more time for  surveillance, and a small saV;_ng i n  prope7Umnt if the opt- 
orientation angle and coast t h e  a r e  used. 

A canparison of the propellant consumption f o r  coast and no-coast translation 
maneuvers is presented i n  Figure 98 , The comparison, 'tesed onremilts frm 
Reference 4 , shous tha t  there is a mall saving in propellant attxltmtable 
t o  the coast phase, The penalties or benefits associated u i t h  a coast phase 
f o r  t he  constant thrust method w e r e  evaluated &' interrupting a tsaaSlati,an 
t ra jectory between the  deceleration and acceleration phases 
During coast, t h e  vehicle was v e r t i c d l y  oriented. 

A ccmstant a l t i t ude  trajectory similar t o  that s h m  i n  Figure 97 uas selected 
for anaI.pis. A coast phase a t  constant velocity was i~tmdnced far a 
speclFied t ranslat ion distance. During t h e  coast phase, a tkmst-togeight 
r a t i o  of 1.0 was used t o  maintain a constant altitude (throt- e). 
A t  t he  end of the  coast phase, the b M n g  and final ratst:',cm m 8 n a m e r  uem 
canpleted, 
t ranslat ion versus an acceleration-coast-deceleratim tramlation is shacm 
in Table 6 . 

a coast phase, 

t 
A cauparison of fue l  consumption for an acceleratioP-dect5lerati.m 

~ 
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TBJLE 6 

*P? 
Orientation Translation 7.7 

&@e, degees Distance,feet With &-.st, !\'o-Coast,paunds 

60 2940 423 do8 
60 51 12 61 4 529 

45 5@5 1681 485 
45 8669 669 625 

30 8437 61 6 670 
30 14530 837 $60 

The r e s id t s  (Table 6 )  show tht as the orientation angle is 
reduced t o  a =le of 45 degees or s - d e r ,  there is a - s m b g 8  
in Fopellarrt realized use of e coast phase; but es coast 
distmces =e increased, stud? r e s d t s  W i c a t e  tha t  t h i s  benefit 
is r &-IC& axil the no-coast trznslztion eventuelly becmes 
desirzble fa r  aqy given orientation q l e .  
there is a~ optinum orientation angle, pob&ly ne= 30 degrees, 

a l ~ o  en optbum coast t h e ,  s socfa ted  15th t ra jec ta r ies  
q l o f i n g  a coast phase, Precise o$iCr;m values were not deter- 
&ed i n  this study, since it wzs f e l t  thz t  the larger mientation 
angles (near ver t ica l  vehicle orientation) w e e  of peat= impak- 
tance and xore F a c t i c a l ,  
&tkxmeuver th ro t t l ing  must be pmi6ed i n  arder t o  reduce the 
thrust-to-veisht ratio to 1 .O during the  coast. Departure from 
the constzzrt-thnzst fezture of this trenslat ion nethod detradrr 
sonewhat f'rm its attractivene8s. 

This W t c e t e s  that 

Also, if the coast phase is used, 

Vehicle Orientation - Constent .Utitude Fhxxmrer s* 
results indicated that a vehicle orientation angle of 45 d w e e e  was 
optiizm uith respect t o  propellant consumption far translations vit& 
out a coast phzse, The r e s d t  3s shown graphically in FigurePS)far 
an arbitrary planetq M y ;  optimun mientation was independent & 
the  loca l  gravity constant, If a coast phase is iptroducd, fib 
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optimum orientation angle was less than 45 degees, a l thqh ,  a8 
nentioned abuve, precise values Pere not determind. 

However, there are  considerrations which make the larger mientat ioa 
wles appear ncre practical. 
orientation angles, the horizontal thrust-tol.ae5ght-ratio coqmnent 
approaches unity a d  the horizontal  accelerations become quite large. 
This nay make t ranslct ians  of short distances very d i f f i c u l t ,  if 
not impossible, since some range is  attained during turning. 
translations or greater distances, the harizontal velocity can be- 
cme so great t ha t  the ab i l i ty  t o  select  a l d b g  s i t e  ar t o  
avoid local  obstzcles night be irpaired. Tipping the vehicle mer 
t o  the s x d e r  mientation q l e s  elso night prevent, If it 
suddenly becane necessary, the execution of m abort =anewer. 

A comparison of two mientztion zngles t o  show the* effects on 
'nurizontal veloci t ies  axd t ra rs lz t ion6is tances  far the zcceler- 
t i on  $ a s e  of e t ranslat ion Imeuver me Feserrted in F i g r e  u# 
The popel lan t  weight, tine, d r?apLimucl velocity attained fcl. 
several copstent-dtitude t r m s l e t i o n  distences a d  two orientation 
angles me presented in Table 7 . 

X.th the  snaller QF near+- 

Fas 

Translation PropeUant Time, 

8CC 
Distance,feet seconds y ) '  i 

8, degrees 45 70 45 70 # 70 
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Wfect of Qrtmity Constant, 
maneuver coaditions was farmulnted t o  evaluate the effect of 
gravity cozxstent on velocity requirements far a selected nanwep, 
d thereby t o  obtain a basis f a r  comparison of the propulsion 
requirements far lunar *transletion naneuvers, which have been 
analyzed extensive*, and t ranslat ion Emewers on other planet- 
bodies, ThP.ust was held constzrrt i n  a l l  cmes a t  a value selected 
t o  provide a near-constent a l t i tude m.ne~mer. 
coast phase was not utilized, The vehicle was oriented at 30 degrees 
f r o m  the ve r t i ca l  during the acceleration and decelergtion p h s  
of the  aaneuver; 0th- pertinent data are listed below. 

Arepresentative se t  of transletion 

~ 

- 
* 

h intennsdiate 

Harizcmtal distance 3000 feet 
Altitude ( in i t i a l )  1OOOfeet . 

Gimbal =le f 5 degrees 
Vehicle war acceleration ( 10 d e g / s d  

Vehicle (Earth) weight 10,Ooo p d s  

Specific w e  (G) 300 Second8 

Results of the study are presented i n  Figure- It is interesthg 
t o  note that the selected naneuver requires 390 ft/sec AV-at fhe 
moon and 1070 ft/sec et Earth; the r a t i o  is f m  Prm the 6:l ractio ‘ 

of gravity constants, Thus, though the propulsibn system has six 
times the thrust, and arpends six tines as much popellant a% 
Earth as at the  moon t o  maintain a constant d t i t u d e ,  it sinulr 
taneously benefits  by having six t ines  the capability far horizo- 
tal accelmation and deceleration. 
la t ion  distance is t raversed faster on the Earth than on the moon, 
and the  AV recpbenents depart markedly f’rom a 611 ratio.  

As 2 result, the given trans- 

Figure roz! presents Lunar t ranslat ion distances and loss in  altitade 
versus propellant weight or firing t h e  far var ims  vehicle orienta- 
t i on  angles, 
w e i g h t  r a t i o  of 1.0 and constant thrust thranghont the  ~nzme~av~e, 
(In t h i s  case, no attempt was made t o  M a i n  a coostant dtit.t.de,) 
lh all of the examples presented, an Mtial vehicle l k t h  ue5ght 

This data is based on an initial vehicle thrust-to- 

of 10,m pounds wa8 nsd, 

A comparison of Fopel lan t  weight versus cons tan ta l t i tude  tx& 
t i on  distance is p-esented in Figure ~3 far various methods ab 
t ranslat ion,  
300 seconds far cozpsrison t o  the  results of the  Fesen t  study, 
were obtained fkom Reference Curve 1 is far a ballistic 
maneuver system. 

Oarves 1 t o  so normalized t o  a specific impulse ab 

The r e su l t s  drawn i n  k e s  2 and 3 are fa 
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cons tan t - a l t i t ae  translztion with the znrltiple-enghe cone@, 
Curves 4 ,& 5 are far the  s' 
al t i tude t r m l a t i o n  qsta. "$I The optirarm vehicle mientation 
angles are 45 deFees b5thout a coast phme aad 30 degrees f m  
horizontal v i th  the c o e d  phase,) 

l e  engine (*ottleeble) const& 

The m e s  6 t o  9 =e far the near-comtmt eltitude8coastantctbruat 
systems vitnaut a coast rhzse. 
used f m  ezcf; mientztion mgle. 
consuqtioa is ixEicz td  in cmve 6 than i n  curve 5 ,  although they 
are b--sicellp the sme  s y s t e z  
assmTtion t i z t  t3e vehicle rotat ion tine is zero; therefore, 
the CUI'VG does not reflect p - o p l l a n t  burned duriq  the  turning 
operetioas, 
of F a c t i c d .  interest, the 
secods z& t h e  ezt i re  xp"etnrcsl. required three (four with an 
interxeiiiate cozcct S s z e )  tmning op-a t ions ,  Since for the 
s d e r  o r i e a t i o n  a z l e s ,  l r rger  thrusts  are required t o  nzxin- 
t a in  a ccnst~";r: a l t i tude  ?zing t ru l s la t ion ,  the propel lant  used 
while tmniq the vehicle c d d  be s ig3Yicmt.  ff the  propellaat 
used t o  rot=%e the vehicle is considered, the s-e engine system 
af Eefereme 5 cozpres  v q  closePj, with respect to propellant 
consuned, t o  the nethod anslyzed, 

The approFiate thrust level uas 
A s l igh t ly  Fea te f  propellant 

Sowever, c m e  5 is based on the 

IC the amlrsis it was found thz t  for ro ts t ion  ra tes  
orerations reqwed f'rm 2 t o  6 

Revied of tke a d p i s  md results indicates- that  the b a l l i s t i c  
system affers the zost fzvmable propellwrt econoq far down- 
r q e  tz2ILs12tion (3pFoxtmtely 25 percent less  propellant than 
a single-engine, ccntimocs-ForJereii q s t e 7 i  far a given mneuver). 
Ea~ever ,  severe l  disdvmtezes exist: 
lerge v e 5 c l e  tilt a q l e s  csn exist; the C a T s r q e  distance cannot 
be chazge6 enroLrte; 4 'cigh z l t i t d e  t -a jectar ies  pre~entbg 
survei lhace can result, 

For the  d t i e a c i n e  horizontal ' t rznslation qstezi, however, the 
sJrstec hgs the disedvzntqe of requiring d d i t i o n e l  restartable 
engines, d the ami l i a ry  engine &st be located at  the  vehiele 
% t o  preveat vehicle rotation, QP the  mafn engine must be gh- 
balled t o  &ain a constant atti-, 

exine restarts me reqybed; 

The s-le e x i n e  continnous-pawered t r m s l a t i o n  Ilrethod appears to 
be the best with respect t o  simplicity, re l iab i l i ty ,  E& verse 
t i l l t y ,  This nethod elinhates the  requlremnt of engine restart. 
Use of a t'mottleable nain engios a l lows a continnous consIx& 
alt i tude,  put requ5res thrust adjustment during the manmm. 
TIM opt- angles for single engine t ranslat ion x ' x ~ ~ U V ~ l 3  (45 
degrees if no intermediate coast phase is e3played; 30 dw-8 
w i t h  coast) sre sonwhat high far shurt t ranslat ion distances, 

I . - . .  
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the hmizontal velocity with these tilt angles might be excessive 
far ground surveillance. 
obtainable by the  use of coast phaPe does not appear t o  warrant  
the  additional rotat ion naneuvers required. 

The propellant-consumption decrease 

The investigation of constant thrust  translation showed t h a t  
translation with either increasing, decreasing, or appraxi.?ately 
constant a l t i tude czn be achieved with a constant engine thrust. 
However, the thrust  a t  in i t ia t ion  of the maneuver mst be the amount 
specified t o  achieve the desired translPtion trajectmy. 
intermediate horizontal coast phwe between the occeleration and 
deceleration phases was examined a-d found t o  require throt t l ing 
t o  prevent a l t i tude change, md, i_n zeneral, did not offer signi- 
f icant benefits. 

An 

The engine g i m b d l i x  conditions ( q l e s  and ra tes )  do not appear 
t o  be a critical fPctar. 
only very s l igh t  chaxyes i n  the overall t rsnslat ion maneme??. 
Vehicle orientction ( t i l t )  angles w e  not c r i t i c a l  for shart  
translation distznces, but i n  general have z pronounced effect  on 
translation trajectory char scterist ics.  

Changes i n  ewine @nbd l ing  poduce 

s2 
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FIXAL-EESCENT PHASE CF A LUNAR LAND= 

The final propulsfTe Eanemer i n  the course of landing a space vehicle 
on the  surface of t f io  coon will very l ike ly  be a vert ical  descent from a 
position a feii feet  t o  a few bur-dred feet directly above the desired 
landing site (the t e r z i s l  point of a t ranslat ion maneuver). 
execution of the xaceuver, the  velocity will reach zero precisely a t  
touckdohi; for noniciesl csses, reasonable velocit ies can ?x mechanically 
absorbed by vsrious t n e s  of land5ng gear. 

maneuver. 

r; 
, B 

I 

For ideal 

It is strongly probable 
&he& L the .-in land3-4 engir,e w i l l  be ut i l ized for the vertical-descent 

c 
I 

' 1  

Xrab-sis of Velocfty RecuiFeP.?tns 

The velocity reqlrirer,eot ( AV) f o r  performance of the descent maneuver 
2s depndent on the follou'Jlg parameters: 

1. Initial altitude 
2. In i t i a l  descent rate 

li. Throttling ratio 
3- M a X i I U U  t h t  mU8blC 

Par sny values of i n i t i a l  al t i tude and descent rate, the  descent maneuver 
req-Jires l ea s t  propellant if  it I s  divided in to  a f r e e - f a l l  phase (uhich 
is equivalent t o  an h f i n i t e l y  throt t led engine) folloued by an ilapal8ive 
velocity addition ( u ~ c h  is equivalent t o  infinite mz-m thrust). me 
forx;er condition is genezzlly \inacceptable, since there is no pract ical  
possibil i ty of safe a k o r t  if, follouing free-fall,  engine igni t ion f eib 
t o  occur. 
engbe throt t led t o  its lowest thrust  level, 
!zsxb*zn thrust is the o p t i m a  v f u e  selected f o r  the major braking maneav$rr. 
Thu, the high-thrust portion of the descent maneuver is perforaed 
landing engine i n  an unthrottled condition. 

The closest alternative t o  f ree-fal l  is t o  use the  landing 
For the second phase, the 

the . 

Alternatives t o  t h i s  two-step thrust  program can be formulated; e,g., 
velocity can be cancelled uniformly Ff desired by suitable applicatian ab 
continuous thro t t l ing  capability. This approach, however, is less 
econozAca1 than the two-step approach; the  only gain is a reductian in 
deceleration forces, and these are  already qui te  small in cantparison t o  
human or equipment tolerance Ilmits. 
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The effects ofthrc ' ,*Sir-  r a t io  and i n i t i a l  a l t i tude  are presented in 
Figure (Tze ixiccated value of F/W max (6.0) is typical of the 
burnout thrust-to-ue5g'r.t r a t io  of an optimized direct landing or landing- 
from-crbit stage. 
stsge thrust-tc-sergtt r a t io  and the r a t i o  of i n i t i a l  stage weight, 
including payioad, t o  stage weight 
phase). The r q i d  AT ixicrezsc accompanying reduction of th ro t t l ing  
r a t i o  t o  values b o l a -  13:l indicates t h a t  the  net force on the vehicle 
( i .~ . ,  lunar gra<f;r force minus thrust)  is too small i n  t h i s  region t o  
promote odequote dsniiard moti'on. 
and related sense of security of t h i s  landing, but the propellant penalty 
associated kith Fclc?@r,g the descent must be classed a s  an extravagance 
in a mission b%ert weight i s  crf t ical) .  
extended t o  %=-k i te  tk ro t t l i sg  r a t io  t o  indicate the ma 'tude of gain 
realized by h > r c x ~ i  adequzte (i.e., approximately 1S:I Y th ro t t l ing  t o  
complete (i.e., ezgke off) throttling. 

. 
%e ?,& mal represents the product of t h e , i n i t i a l  

a t  the s t a r t  of t h e  ver t ica l  descent 

(A pi lo t  might appreciate the g entlenesr 

One curve of Figure X& was 

The difference is only 5 ft/sec. 

I n  each of the  c.a.rzees of Figure 
is indicated bi h?iich o rap id  t ransi t ion frm high t o  l a w  values of 
change inve loc f tp  requiremnt per uni t  th ro t t l ing  r a t i o  (e+, 3 ft/sec 
change in AV as  t3mt t l i ng  r a t i o  chznge from 7:l t o  8:l on the 150- 
fee t  a l t i tude c m e ,  >:t a chsnge of only 3 f t /sec as throt t l ing r a t i o  
changes f rog  1l:l t o  12:l) occurs. The approximate centerpoint of thirr 
region, or "kneeR ( M c h  might be e i the r  more or  less pronounced in i t8  
appearance 8x2 Cs?hced sonewhat along the abscissa if the coordinate 
scales were C Z e z - e z z  f r o m  the presentation i n  Figure -1, is rela- 
t ive ly  irsensiti;.e t o  b i t i a l  a l t i t u d e ,  ranging from approximately 9:1 
f o r  an a l t i txee  o,C 53 f ee t  t o  about ll:1 f o r  500 feet. The location of 
the knee represexts o useful estimate of the design point f o r  a landing 
propulsim sp te r , .  
occurs is t he  initial value of F/K, as shown i n  Figure' us. The middle 
curve is repesteC flum: Figure lob . 
knee (indicatedA ! rarges over throt t l ing r a t io s  of approximately 781 to 
12:l. 

lob, a narrow range of th ro t t l ing  r a t i o  

s igr i i icant  i n  determining where the knee 

As i n i t i a l  F/M varies from L t o  8, the 

Descent characteristics f o r  a representative case are i l lus t ra t& in 
Pi- 106. 
throt t l ing ratio,  w i t h  f ree-fal l  representing the limiting condition. 
However, propellact consumption decreases as th ro t t l ing  r a t i o  increama; 
therefore, a closely controlled descent (e.g., one canparable t o  the 8:l 
throt t l ing r a t i o  cumre, which a t  no time exceeds 20 ft/sec), however 
beneficial frm a pi lot  point of view, requires a propellant expenditure 
greater thsn tha t  required fo r  a f a s t e r  descent man-. 

1% is apparent that  maximum velocity attained increa8e8 with 

, 

! i  

;, . 
. j  
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F'ig.u, Effect of Throttling Ratio and Initial Altitude on Vertical 
Descent Manewer Propulsion Requirements 
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Throttling Ratio 

Fig. m5.Effect of Maximum Thrust-to-Weight -io on Vertical I '  Descent Maneuver Propulsion Requirements 
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The effect of i n i t i a l  descent r a t e  is i l lus t ra ted  in Figure 107. 
r a t e s  i n  excess of 25 ft/sec, the reascn for the upuard AV trend shown in 
Figure IDES obvious; a higher velocity l n i t i a l l y  requires t h a t  a greater 
velocity be cancelled proFulsively. 
indicated curves is, however, not so self-evident. Their presence reveal8 
tha t  the propulsion system can achieve greater overall efficiency, despite 
the  need t o  cancel additional velocity, 3 the duretion of the descent 
maneuver (and with it, gravity loss)  is redxed by the presence of a 
nonzero i n i t i a l  descent rate. The 0 p t h - a  i n i t i a l  descent r a t e  is for 
more pronounced when the minimum thrust  le-1 is  close t o  the weight of 
the landing vehicle (i.e., when thratt l ir ig capability 2s limited). An 
additional characterist ic t o  be noted on Figure U7is that  t he  curves 
terminzte a t  an i r i i t i a l  descent &e of 75 ft/sec. The reason is t h a t  
as  i n i t i a l  descent ra te  increases, a poizt  is reached whe- the canstraint  
tha t  velocity and al t i tude reach zero simltaceously can be sa t i s f i ed  
only i f  the high thrust  level  is  employe? exclusively; a t  s t i l l  higher 
i n i t i a l  descent rates, the constraint ca rmt  be satisfied. 

The effects of the  high-level and lau-level F'h values on the descent 
maneuver velocity requirements are presented i n  Figure 108. A t  lav 
values of t he  upper thrust  level, !F/W)-, t h r u s t  i s  insufficient t o  
perform the second phase of the descent efficiently; velocity requirements 
a r e  therefore high. 
leve l  (equal t o  maldmun thrust  divided by t h o t t l i n g  rat io)  is too high 
t o  permit e f f ic ien t  performance of the fk s t  ?base of the descent; again 
velocity requirements are high. 
!F/W)- exists for each value of th ro t t l ing  rat io .  
value of AV possible occurs when both t h r u s t  and throt t l ing r a t i o  are 
infinite; f o r t h e  set of i n i t i a l  and find conditions stated in Figure 
108 , t h e  minimum AV is approximately hS ft/sec. 

For descent 

The &stence of optima on the 

A t  high values of (-F/k->,,, the related lower thrust 

Between these extremes, an optimum 
The l imit ing (lowest) 

It is evident from the data presented i n  Figures l O ~ I . 0 ~  , 107r and 
t h a t  the propellant requirements associated with the  ver t ica ldescent  
phase of a lunar landing are small i n  comparison t o  the propellant required 
fo r  the braking and translation maneuvers. The vertical-descent phase I$, 
houewr, of primry importance in detex-mintng the thro t t l ing  r a t i o  reqabed 
i n  the engine design. 
duction provided by increased depth of th ro t t l ing  must be weighed against 
the weight, and poss ib lyre l iab i l i ty ,  panalties acc- t he  use of 8 
more f lex ib le  system. 

I n  a detailed system evaluation, t he  velocity re+ 

F i g u r e m i a  presented t o  i l l u s t r a t e  the effect of the gravi ta t ional  
constant on vertical-descent -maneuver velocity requirements . Unlike the 
major braking maneuver, whose coxparative Eorth:noon velocity mq\rirapent- 
does not deviate too f a r  from the 6:1 r a t i o  of gravity constants, fiheAV 
for ver t ica l  descent a t  Earth is, over the indicated range of throttling 
ratios,  less than 3 times the  comparable value f o r  the moon. The reasan 
is sintply tha t  the two  systems considered a re  ident ical  when first- .ad 
second-phase accelerations a re  campared in units  of l oca l  g's, but 

m 
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Propulsion Requirements 
Fig.107. Effect of Initial Descent Rate on Vertical Descent Maneuver 
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different i n  terns of distance/time squared acceleration units, Thus, 
the ver t ical  descent, whose first phose actually benefits from high . 
acceleraticn, re f lec ts  the advantsge of p e r f o d n g  the  maneuver in the 
Earth's gravitational Meld rather than the I E O O ~ ' ~ ~  

descent 

l a  

2. 

3. 

L a  

5. 

The ideal-velocity capability required f o r  perfonoance of a vertical- 
aaneuver t o  the lunar surface: 

1s aiproximtely 75 ft/sec f o r  a typical case i n  v h i ~ h  
i n i t i a l  a l t i tude is 293 feet, Tinitial Sescentxate 5s zero, 
n m  tbsust-to-weight ratio. i s  b, and throt t l ing r a t io  
is 1U:l  

Decreases as t h r o t t l i n g r a t i o  increases, although for  most 
cases, throt t l ing capability beyond 1O:l provides only slaall 
benefits. 

1ncrei;ses with increasing - M t i a l  alt? tude (e+, a p p r o x h a t a ~  
125 ft/sec for descent fmm 500 ft altitude). 

Is less for re lat ively low non-zero initial descent rates 
t k x  i t  is f L r  a zero i n i t i a l  r a t e  of descent. An opt-- 
i n i t i a l  descent ra te  exists, and is dependent on i n i t i a l  

Is a function of maxiWn F/k, and clisplays an optimam which 
is dependent primarily on tbrott l i i ig ratio. 

. 

oltitade, maximum thrust and +Ybttl.ing ratio. 

The maximum velocity achieved daring a v e r t i c a l  descent manewer 
increases wit3 lncreasing throttling ra+,io. 
t ion  of 
thrott l ing,  i q o s e s  an increased propellant requireaent on the  vehicle 

IIawever, delibratie reduc- 
velocity, attained by aploying  less-than-available 

8ySferrr. 
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TO~HDOWN STABILITX 

An analysis vas conductedtoerraluate the trajectory, terrain and vehicle 
factors governing touc!x?aun s t a b i l i t y  of ana ssuned lunar landing vehicle. 
The vehicle s t a b i l i t y  cr i ter ion was besed on the condition t h a t  angular 
kinetic energy of the vehicle a t  impact besufficient t o  rotate the 
vehicle t o  an unstable position. 

The vehicle impacts the surface with an i n i t i a l  kinetic energy which is 
the result of a residual vehicle velocity (V). 
have the  a b i l i t y  (by design; t o  absorb energy, the  e ~ t r g y  associated 
with the velocity comp2eni; (VL) along the leg is  asrazed t o  be completely 
absorbed. 
velocity component (JR) 2eVendicular t o  the leg !see -=stration belaw). 
This energy is eqaatej. t o  the potential energy reqJired t o  lift the 
center of gravity (cg! t o  the p i n t  of instabi l i ty;  t h a t  is, the vohicle 
rotates  about t:?e point of impact un t i l  the cg swings through the 
ver t ica l  (point of i n s t a j i l i t y ) ,  and the vehicle fa7& on its side. 

, 

Since the landing legs  

The e n e r a  acting t o  t i p  the vehicle is associate2 Wit!! the 

Once VR is detennhed, V may be determined, which yielda VH and Vv, 
components uf the vehicle velocity vector i n  the horisantal and ver t ica l  
d i l . s C t i O I l 8 ,  -8peCaVdJ. 

In the case of Mnrl3e.g %upact, first the hindleg strikes the q r m d  a d  
then thefireleg. 
the velocity component directed along each l eg  is assmwd to 5e c a m  
absorbed. 
l e s s  stable on a downgrade t5an on an upgrade. 

In each instance, the kinetic energy associated w i t h  

. Dawnhill i q a c t  is analyzed because the vehicle 28 inheren- 

J 
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The vehicle parameters uti l ized are described 31 t5e  figures klou. 

Foreleg hwct ..- 
@ D i r e c t i o n  of Horizontal A 

Camponent of Vehicle 
Vector - 

L : vertical distance to cg f’rom base 

D : Distance from foot to center of base 

a : surface inclination fkom horixox&d 

8 t Angle oi inprct (angle between base 01ld surface at poipt 

of -4 
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The angular kinetic energy, a t  impact i 8  

where I is  the  moment of iner t ia  about the point of impact, and the other 
terms are a s  defined previously. 
vehicle will t i p  over if EK exceeds the  potential energy, Ep, a c h  is 
defined by the expression, 

I n  the case of foreleg impect, the 

r 

where m = vehicle mas8 
g = loca l  gravitational constant 

The case of hindleg impact differs i n  tha t  the  angulm kinetic energy 
increases as t he  vehicle rotates fromthe hindleg t o  the foreleg contact 
position. The foreleg subsequently absorbs energy directed along its 
length; the s t a b i l i t y  of the vehicle is governed by the  remaining 
velocity companent perpendicular t o  the foreleg, 

For the selected exanple, nominal vehicle parameters uere: 

L - 2 O f e e t  
2) =Ufee t  
iY - 0, 15 degrees 
0 = 0, 5, 10, 15, 20 degrees 
I = 525,700 sl~g-ft* 
w - 35,000 Pads 

Each of the parameters previously defined affects vehicle s tab i l iw.  
The analysis was conducted t o  evaluate the effect  011 Vv and VH ai 
L, D, I, a , .nd e. 
Regions of s t a b i l i t y  and in s t ab i l i t y  are indicated Sa ELguresu1) through 
l l 2  , Each l i n e  defihes the vehicle velociQ limie i f  the reMclc I s  
t o  remain upright a f t e r  impact, The act=% vehicle velocity vector 5s 
represented by the  directed l i n e  segment; ?rem $he origin (0, 0 )  to tb. 
point (VH, Vv); Both magaitude and direc3iion are shown on the plot, It 
is evident that  fbr a particular value of descent r a t e  a t  inprct, ths 
allowable laterali velkity component 

I 

i 

ecreases as  impact angle hcnrsss ,  
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A case when the nonent of iner t ia  is  100,000 sLug-f't* is sham fn 
F i g u r e m  far purposes of cazprison with t h e  noninal. value of 
nonent of inertia, It can be seen that  the vehicle becanes =1cF8 
stable as the noment of iner t ia  decreases, 

In the case of hindleg iinpact, part oi'the i n i t i a l  energy is 
absorbed by the  rear legs and pmt 
energy is  d d e d  (due t o  the potent ia l  energy decrease of the cg) 
as the vehicle ro t a t e s  about the hindlezs end -acts on the 
f'ront legs. 
velocity available t o  t i p  the vehicle. 
b i l i t y  curves have a different appewance i n  the case far 
hindleg *act, 

the f r o n t  legs. Kinetic 

Pa r t  of t h i s  e n e r g  &dition s ' n v . ~  up as increased 
Cnus, the vehicle sta- 

The resu l t s  of L and D per.turbatims are s 5 m  i n  FigureXU. 
The reference l i n e  is for L = 20 zrd D = 14. The effect of 
vehicle geozetsy can be seen since all other pmaaeters were 
held constarrt, 

The energy required t o  t i p  the vehicle is Fesented i n  Figure 
as a function of the  angles between the vehicle, the surface, 
d the  horizontal, 
t i a l  energy considerations, 

- 

The energy vclues me obtained *an poten= 

A conpzrison wa.c made between the r e su l t s  o? t h i s  anelysis a d  
those obtained in an analybical and experhelrrtd study on a 
p z r t i c d a r  sinall larding vehicle (Zeference 5 ). Reasonable . 
agreexent between results is sham by the o w e s  af Figure l& 
The 2ifferemes can be a t t r i h t e d  t o  the s l iding (a f ac t a -  w h i c h  
wzs not included i n  th i s  study) of the experbental  vehicle, 
which ma6e the vehicle more stable.Thee presence cr absence af 
sliding is s"aong1y depended on surface terrain,  and the assmup- 
t i o n  that sliding does not occm, which is equivelenrt t o  an 
assumption of an i n f in i t e  f r i c t i o n  coefficient, is themfore a 
conservative approach for selection of safe limits for the 
te;rxinal velocity components of a larding vehicle, 

Although only one value of the gravity constant is pextinent to 
a lunzr analysis, it is significant t o  note that fur a micuhn! 
landing vehicle configuration, the velocity CoIlditions which prcrrride 
stable inpact are depeadent on the l o c a l  g r a v i t a t i o d  c d d )  
i.e,, on the planetary body upon which the lading  is @amad, 
Thus, allowable terninal velocity components Specifid t o  yield 
stable impact on the  m001l may be inapgropriate as specificat- 
fur ladings on other planet- bodia, i 

I 
1 
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The results of a study ai the &Zed of pmitet ional  constant on 
%act stabi l i ty  are smmcizeC in F i g i i e -  The term, critical 
lsteral velocity, repesents the zsxk?? Cmizontal velclcity 
conponext which c& be tolerate4 (in co$-=ction with the iadicsted 
wrtical vdocity component) if tine veSdLe is t o  ccue t o  rest in 
an uyright position. It is &e& t'xt fcr a given l d i m g  vefiicle 
weight d gem-, the dlowzble velocit: liiits for stable in- 
pact are high= in a stzorger pzvitetion.II f ie ld.  
results *on the fact thzt t3e iamesse b Fatentid energy r-equired 
t o  t i p  a vehicle is directly Fopmtimml to the l o c d  gravitational 
acceleration. 

This codi t ian 
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Fig. uS,EffecP of Surface Gravity on Landing Vehicle Stability 
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Selection of an interplanetary trajectory f o r  a Her-urp mission is strongly 
dependent on the nature of the laission; e.g., a anmanned probe whoso 
function is the collection of data enroute to, axxi i n  the i d a t e  vicini* 

(and vhich subsequently goes into s o h r  orbit  or impacts the Sun 
or Of* Mercury &=T requires a trajectorg uhich minimizes Zarth-departure propnlsioa 
reqnireents  and disregards Hercuxy a m v a l  conditions, while a s o f t 4 m d i q  
vehicle, either aanned or  unmanned, requires a trajectory which minimis88 
the conibined pmpulsion requirements f o r  the krth-de-parture and Here- 
l&ng phs?s.  

For a selected pmbe adssicm, the Earth-departure velocity requirements am 
presented i n  Figure 116 for a 1966 launch a t  near-xininmm Earth depart- 
velocity conditions. 
quires an hrth hyperbolic excess velocity of 2l,!BQ rt/sec. The arrival 
velocity for this mission is 53,000 rt/sec. 

A 1OO-day transfer in i t i a t ed  011 15 Decedmr 1966 m= 

In contrast t o  a probe mission, for a soft-landing mission, it 18 desinbl. 
t o  Cind t ra jec tor ies  such that the a m v a l  velocity is louered u h l h  in- 
creasing the launch velocity in order t o  minimize overall velocity nquim- 
aents. 
t o  u t i l i z e  t ra jector ies  biased tmrd higher-than-optimnm depart- velocity 
requiremeats in return f o r  reductions i n  arrival velocity reqnirearents, 
themby reducing the amount of pmpellant vfrich must be s tored  and shielded 
for approximately three months i n  the space e-. 

Since deQiled three-dimensional &rcuxy trajectory data are not p r e s a n w  
available, an analysis of Pkrcarg orbit  establishment missions for the 
1970-75 ti lee period was performed using a Rocketdyne ballistic interplma- 
etary t ra jectory pmgram. The program calculates hyperbolic departure (V ) 
and amval  velodt&es (V,) for three-dimensional heliocentric conic sect%a " , 

From an optimum vehicle-system standpoint, it xight be prefemhb 

trajecto&?8. 

The resulta are presented in terms of hyperbolic velocities, and absa 8s 
the impulsive velocity increments f o r  the cases of departure f 'mm 306pr d 
Earth orbit and establishment of 300-n ad &rcmSan orbit. The ~ l a o u c  
velocity is related to impulsive velocity for 0rbit-establMmem-t bys 

' \ 
\ 
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f '  
Transfer 'had ec- CriteldA 

The analysis was based on a transfer trajectory in a plane M n e d  by tba 
vehicle (at Earth launch), the sun, and the rendezvous position at UW 
target  planet. Themfore, because of the inclination angle (7 deg 0 xln) 
between the o rb i t a l  plane of &rcnry and the ec l ip t ic ,  a plan- ikor 
the ec l ip t ic  is required, 
change is made at launch f o r  the missions considered; therefore, as tha 
angular t rave l  of tbe trajector ies  approaches 160 degmes, the inclinatina 
of the transfer plane w i t h  respect to t h e  ecl ipt ic  approaches 90 d 8 m .  
As this occurs, the Earth's heliocentric orb i ta l  velocity provides a pra- 
0 qessively smaller f ract ion of the vehicle transfer veloci%y, and tb. 
energy requirements increase correspondingly, of course, i f  the timiusfar 
is made fmm node to node, the three defining points l i e  on a straight 
line, and therefore, the t ra jec torg  plane may have any d e s b d  inelhat%- 

TO minimite guidance mqnireraents, fhb p m  

The goal of the probe mission trajectozy was t o  dnimim the lamad 
velocity. 
reached 
gular travel about the Sun, An ec l ip t i c  pmjection sketch of thls wee= 
tory is depicted i n  Figure ll?. For this t r a j ec tov ,  there b a fa i r ly  
large angle between the velocity vectors of the  vehicle and llercra~r at 
rendemus. A t  tbis t i n e ,  the magnitude of the (heliocentric) wslodty 
of the vehicle is 167,000 f t lsec,  and t ha t  of lfercury i s  128,000 f't#~me. 

This was achieved by finding t r a j e c b r i e s  in  which the vebiela 
near its aphelion, after appraximately 160 de- af an- 

To achieve a suitable trajectory for a Grcury landing mission, it b 
necessarg to (a) reduce tbe angle between the two velocity vectore and 
(b) redpce the difference in  magnitude of the  two velocitLes, themby ro- 
dacing the vector m f e r e n c e  of the velocities, which i s  the hyperbolb 
a r r i r a l  ve lodt j .  

The angle between the velocity vectors may be reduced in the desir8d 
t ra jectory by launching at a noddl point such that the vehicb is injectad 
into the plane of %he orb i t  of Hercary and traverses an angular tra- & 
that the orbits are nearly cotangent at mdesvmm. 

The possibilitg of sa& a nodal transfer was inVesIAgated f o r  the W O =  
1975 tire mod. 
nodal transfer cotangent to tbe orbit of the hrth a t  launch and the arMt 
of llerrmry at arrival can occnr 5n the t h e  perlod camtidered, a 
t r i p  be perfonaed in 1973, l anch iq  a t  the descending node. 

By la- at the descending node 5n 1973, the vehicle is injected iab 
the plane of 2(ercargr and then the t o t a l  vehicle angular travel is mado a8 
near 180 degrees as the aforementioned constraints v i l l  allw. 

!kajectorg col~patations ind icabd  that, while 80 gEIQf 
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is thereby mado as mar to minimUra-ergy (Hohmftnn) as possible. 
transfer trajectory is i l lus t ra ted  i n  Figure 118. By launching the 
vehicle appnuimately a t  the node, it is injected very nearly i n t o  the 
orbi t  of %rcnry. I n  addition, the orbits are  nearly cotangent at 
remdezvo~. 

Selected -fer R.43 U C t o r g  

Earth=&rcnxy tradectories are characterized by the f ac t  a t  a small 
variance i n  t r i p  tire and/or launch date produces sharp increases in en- 
ergy reqairements. 
an array of t ra jector ies  was computed about th i s  noddl lamoh t o  indicate 
the effects of varying launch date and t r i p  tine. 
in Figares 119 and120 in the  form of contour charta. 

Since precise launch dates are  d i f f i cu l t  t o  -, 
The results are pnseated 

The minimum energy transfer i n  this array is a 90-day t r ip ,  launched on 
10 Hay 1973. The traject.Org is characterized by a hyperbolic d e w  
velocity of 31,OOO ft/sec, (a 22,000 ft/sec iupulsive ideal  velouity 
increarent t o  depart fmn a 300-n d hrtb parking of i i t ) ,  Tbe hyp&mll8 
ar r iva l  velociliy is 27,000 ft/sec, (a 21,000 ft/sec inpulsim relodtJ 
incmmmt estabUhes a 300-13 mi Mercurian circular ohit ) .  

The hyperbolic arr ivdl  velocity magnitude is 30,000 ft /sec or less if tlm 
launch occurs in the in te rva l  6 May to  13 fiy 1973 (FSgure lP ). mre 
i s  inf'mquent cyclic =petition for this mission; the next t im a fairl,p 
similar transfer can be accomplished is 19860 For intervening launch datum, 
xinbm hyperbolic a r r iva l  velocit ies w i l l  be considerably highetr (on tho , 

/ 
< order of SO,OO~ ft/sec). 

,, 

becelerakhn h m  the  hrth-&rcluy t ransfer  t ra jectory (30,OOO it/- 
hyperbolic errival +elocity) into a 300-n m i l e  circular, ercurian e 
requires a velocity change i n  excess of 23,000 rt/sec. For finite tbru$ 
systsner of practical  inten?-st, tkk corresponds to an ideal relocity iti 

- / ,  / , 

t' 

\ 4 
+-': ; 1 cremmt close t o  2&,000 ft/sec. SingZe stage sptems for ~ M S  manukr 

1 
i 

uere analmed3 hwever, this magnitude of AV mpresents essentially t b  
practical  l i m i t  of capability for single stage propulsion syaterrs. 
task 5s be t t e r  sui ted to tuo-stage (or staged propellant tanks) 
systgas, uhich were also e d u a t a L  

' 
/ 

.' - 
I 
./ 

i 
I v,, 

\ 

For the analysis of 8ingI.e stage propulsion systems, the nonograpk 
pmsented in F'igures 122 and 123 (in conjunction ~5th techniques d e s a  
prex~oosly for ~ r t h  orbit-eatabliahment maneuvers) were a t i l i e e ~  
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results for a pmp&ion system representative of a pumpfed 02/82 system 
are presented in  pigwe 124 . 
indicated payloa?~ are negative; 
cent of at;e initial transfer vehicle becomes useful payload fn Hercury 
orbit. 
stage chemical rockets f o r  use i n  Mercury orbi t  establishment n~anem~s. 

It i s  importknt t o  note that most of the 
f o r  t he  best case shown, only one per- 

This resn l t  pointis t o  a need f o r  moFe ef f ic ien t  system than single 

Because the 23,560 ft/sec impulsive idea l  velocity re uirement,  for estob, 
Iishment of a 300-11 mi Hercurp orb i t  fron a 30,000 f t  3 sec m r b o l i c  
a m i d  velocity is a rather high ideal velocity t o  be supplied by a 
single s t age  u s h g  conventional chemical propellants, a study was con= 
ducted t o  evaluate the payload advantage of a vehicle u i t h  tenk staging 
o r  a t m - s + a t e  vehicle i n  comparison t o  a reference single stage vehicle, 
The purpose a l s o  to determine the op t ix i i  thrust-tc-weight ratlos for 
the thrree systems. 

The vehicle conp?arisons pEsented are for a system With LOO seconds 
specific inrpnlse; t h i s  I, value was selected to  be representat5va of 
various high-erergv pmpellants. 
by means of a ~ r c s t - p z r a l l e l - t o l o c i t y  maneuver. 
weights vere assumed equal to the  sum of a propellanbdependent we- md 
a thn;lst-del;endeot ueight, vhere propellant-eependent weight 0.08 x stage 
propellant ueight, and thmst-dependent ueight = 0.02 x sijage thrust l e a  

orbit establishment was accoqlisbed 
Vehicle jettboxmd 

A higher payload than that obtained by the use of a conventional s h g b  
s b g e  vehicle  car^ be achieved if the stage prope’t,lant is stored in severrJ. 
tanks, and each tank is jettisooed (tank staging) when its propellpmt bss 
been consued, For the single stage vehicles with tank staging, t b  pile- 
pellant was assmd t o  be divided between bra o r  more tank mlts w i t h  8l3, 
tank units of e q W  volume. Tne weight of the tank uni ts  was deb- 
using the propeUant4ependent weight faclar. IJo additional. h e r t i  might 
uas included f o r  the  added fixtures which a jettisonable tank anif u o a U  
require, which results in somewhat op t i lds t ic  values of parload for fuhr- 
staged vehicles, The lhrast-dependent weight uas added to the iinall 
tank d f  which remained at the end of the propulsive phase t o  OM 
t b a l  vehicle bumoat weight, 

The ideal velocity require-+, for a 300-n Pri &.~.cury o h i t  estabu8irrmt - 
maneuver is presented in Figure 125 for a sing’le stage vehicle and far 
vehicle u i t h  continuous tank staging (emptied tanka are je%tisoned 111 5n- 

identical, The results presented In Figure 126 shcrw WYh3d-tO=gXw8 ld.&% 
number of time8). Ths ideal veloci.ty r e q t d ~ s  az% dh8sf 

j 
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r a t i o  -‘a function of ifitid thrnst-tn-weight r a t io  for each of these 
tu0 orbit-establishment s,vstepi. For the  single-stage vehicle, the 
optimum thrust-to-Barth might r a t io  is 0.31 and the corresponding Ilrarirar 
payload-to-gross might  r a t i o  is OO@8l, a l e  f o r  the continuous tank- 
staging vehicle, the optinma thrust-tc-might r a t i o  is 0,2h, and the pap 
lead to-gross d g h t  is O.Z7. 

In figuE 12l,payload-to-gross-weight r a t io  is presented as a function of 
the nnmber of times tanks are jettisoned. (This  figure was based on the 
assumption that all the tak-s*aging vehicles required an ideal velodty 
requirement e q d  t o  *t of the single stage veliicle.) AJI i n i t i a l  thrust- 
+,o-weight ratio of 0.3 y2s util ize6 to obtain the data presented in 
pie= 127; the resalts sham in Figure 126 indicate that this initial 
thrust-to-might ratio gives very nearly maximum values of payl.aaa-tO- 
gross weight r a t i o  for bo’& skgle-stage and tank-staging vehicles. 

For the lxo-stage ercury o rb i t  establishment vehicle, the ideal  velocity 
requirement depends upon the thrusti-to-ueight ra t ios  of both stages. 

. 

Ideal velocity require& versus i n i t i a l  flrst stage thrPstta-lbu%h 
weight ratio, fo r  four diffe- ratios of second s t age l f i r s t  stage thrust- 
-weight ra t ios  - prese~%ed i n  PigUFe 128. For the tvo-stage vehiele~, 
the t o t a l  nrission idea l  velocity requbemnt is divided evenly between the 
tuo stages, In Rigwe m, the variation o f  payload-*-gross weight =ti. 
with i n i t i a l  first stage thmst-t-c-veight r a t i o  for two-stage orbibtsfab- 
L i s b n t  vehicles i s  showco These data indicate that  tbe vehicle 
payload-to-pss might ratio results vhen both stages have thxmbto-stagm 
m i g h t  ratios of 0.5- 

Though primary emphasis was on a hyperbolic arr ival  velocity of 30,000 f’tlseo) 
the effect of hyperbolic a m M  velocity on vehicle perfomance was 
evaluated fo r  the three types of  vehicles considered in this studyo V U &  
payload-to-gross weight ratios a m  presented i n  Table 8 for hyperbolic 
arrival velocities of 20,000, 30,000, &O,OOO and 50,OOO ftfsec, The singb- 
stage and -%e mk-sLLbging vehicles both have i n i t i a l  thrust-to-iueight 
ratios of 0.3, The tvo-stage vehicle has an initial thrust-to-weight ratti4 
Of 0.5 iO 8aCh 8-0 i 

i. Orbit-lbtablisfuaent Vehicle Co~~parison. 
=%age vehicle, and a tank-etzgjng vehicle are compared in T a b l e s  9 andm 
for the 30,000 ft/sec hype&olic arrival velocitiy Mercary o r b i k s t a b l i s b  
m t  l iss ion,  An opthum thFnst-to-=eight r a t i o  and the range of thrrrsG 
t-ight ratios uhich could be used and deliver a payload w h i c h  5s ui%hia 
2 percent of the o p t b  payload value  IF^ presented in T8bh 

A single-stage vebicle, a koo 

9 . 
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TAB= 9 

HEw=uRY mrr mA3m= vgarclllc 

OP- TH?ZWf - TO - WgIQKT WTIO 

Hission: 30,000 ft/sec Hyperbolic A r r i d  Velwity Orbit Establishrent 

o m 6 6  - 1.20 
0.Y - 0.82 

0 2 8  - 0.bO 
0.15 - 0.20 

0.12 - 0- 

I 
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Appraxiaate Ideal Payload t o  Percent of 
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vehicle ft/sec Ratio farload 
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t - -  

The data shown i n  Table II) 
and payload-to-gross weight ratios. 
that the tuo-stage configuration fields a &l percent payload gain 5n 
comparison to the single stage vehicle f o r  an orbit-establishment xi88ion 
from 3 O , O  ft/sec hyper@oUc excess velocity. 

present d s s i o n  ideal velocity requirementm 
The principal conclusion bere I m  

ORBITAL LANDING AND TMEoFlr 

The absence of an atmosphere about the  planet brcury dictatee that 
landing maneuvers be performed entixely propulsively; there is no re- 
c o m e  t o  aerodynamic assistance. 
ing f r o m  orbit were obtained by computation of simulated landing tr8jetct- 
cr ies  and the results were applied t o  an investigation to detelaiab tihe 
00timam vehicle thrust-to-weight ratio f o r  the maneuver. odlg single- 
stage vehicles were considered since the i d e a  velocity sequirements for 
the landing maneuver, on the order of 11,000 t o  12,000 it/sec, am 8-0 
i i c i e n t l y  low to  preclude the possibil i ty of any sizable beneflts  by fho 
use of some f o m  of stsging 

!he pmpulsion r equ imen t s  for lend- 

- 

c, 

In  the t ra jectory uti l ized, the vehicle f l i gh t  was s h u l a t e d  i n  tb o p  
posite di=ection fmm which a f l igh t  muld actually be performedo Tho 
simulated f l i gh t  i n i t i a t ed  a t  t h e  p lane t  surface, and the vehicle operakd 
a t  a negative plopellant-ueight flawrate, to tbe orbit. The vehicle first 
rose ver t iaa l ly  =til it reached a velocity of 50 ftfsec. It then trrrned 
and the f l i g h t  continued w i t h  the thrust  vector directed parallel to 
vehicle velocity. The angle of the turn was selected to satisfy the con= 
strahts that  the vehicle be moving as nearly horizontally as possible 8t 
the end of this pmpulsion phase, and that it never experiences a negative 
altitude rate daring the pwe=d maneuver. 
t ra jectory analyses have indicated this method t o  provide near d x i m w e  
mergy trajecto13.e~). The f’irst propulsive phase was tenuhated when fh6 
vehicle had sufficient velocity t o  coast t o  the desimd o r b i t a l  altitw 
(300 n mi in this study). A t  apoapsis of the coast phase, a constsnf- 
altitude, variable thrust-orientation angle maneuver was used t o  hcmase 
the vehicle velocity to  orb i ta l  velocity. Trim, the actual flight is per- 
?armed in a manner sixilar t o  a lunar-landing maneuver; the first m 
thrnst phase %ransfom the  circular o r b i t  t o  a l w  periapsis ellipse, a d  
following coast t o  periapsb, the propalsion system-is restarted and o rater 
u n t i l  landing is  accomplished. Investigation of hovering/translati& 
descent mqnireme?ltS l a  not inclrrded, 

(Previous lunar-kmdhg 
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Thrust-to-Weight Ratio mfecb 

AII i d e a l  velocity mquirement versus i n i t i a l  thrust-to-(Eartih) night 
(in %rcu.rian orbi t )  ratio curve for landimg f r o m  a 300-n mi. &malar 
Mercurian orb i t  i s  presented i n  Pygtuw 130. Rto values of specific 
impulse, representing noncryogenic and high-energy, -genic pro- 
pellants, were  considered. 
phase (required t o  establish the e l l i p t i c a l  path fmn the circular ofiit) 
is i l l u s t r a t ed  i n  Figure 131 as a function of per iapsh alt i tude,  .IDd 
Figure132 shows the velocity a t  periapsis of the ellipse. Because all- 
ance 

w e l l  as for a reserve propellant supply, the velocity data presented in 
Figure 130 must be modified to  provide useful design values of mquimd 
propulsion capability. 
descent, it appears that 600 ft /sec f o r  translation (which provides 8 
capabili ty of 3000 ft translation) 300 ft /sec f o r  ver t ica l  descent and 
400 f t /sec for reserve, are suitable f o r  a ~~rcury landing-iroaccxMt 
maneavler. Interpolation of 109 ( p a g e u  indicates that a throt- 
ratio on the order of 9:1 o r  lot1 is suitable for performance of tbe rsrti- 
cal descent maneuver, 

The ideal velocity f o r  the first propulsion 

must  be added t o  provide for translation and descent maneuvers, as 

On the basis of studies of lunar translation and 

The periapsis a l t i tude  required t o  assure that the final braking phase 
w i l l  msult in the vehicle reaching the surface w i t h  zero velocity is 8 
function of the vehicle F/w, 
F/tr a t  the i n i t i a t i o n  of the landing is presented i n  Figure 333. A d -  
able environmental data indicate that the surface of Mercury nay be 
similar t o  that of the moon; the highestlunar muntajns are appmr5aatew 
26,000 ft,  and it map be considered desirable t o  maintain periapsia 8l- 
t i t ude  above t h i s  height f o r  the landing maneuver on hrcurg. Is iadicatd 
in pigare133 (for a Wro-sec specific impulse) only thn;lst-to-(fkrth) weight 
r a t i o s  above about 1.5 require periapsis a l t i tudes below 30,OOO feet; them- 
fore, selection of lower F/k designs will circumvent this potential pmblem. 

A plo t  of required-periapsis altitude versa18 

The thrust-to=%rcury veight r a t io  a t  the end of the descent-f’rom-arbit 
phase represents the throt t l ing r a t i o  required to achieve a It1 local?’ 
a t  the s t a r t  of t h e  hover/translation phase, These data are presented au 
a function of initial fihrust-to-Earth weight r a t io  in Pl- a 
V e h i c l e  Thrust Selection 

The computed velocity data were atilileed i n  conjunction w i t h  repmsenta- 
tive vehicle characteristics t o  determine the optimum thmst-to+ei&t 
ratdos f o r  typical noncryogenic and cryogenic propellant l.anding mhlcles, 
The results presented in F’igureI35 indicate an optimum thrust-to-(Earth) 
weight r a t i o  between 0.8 and 0.9,’ Earl ier  studies of lunar fnndiar .3pa 

197 
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p w e a r g  orb i t  establishment o r  departure maneuvers have d e m f r p t e d  
the effects of various factors  such as thrust-dependent or propellant- 
Cependent weights, which govern optimum F/k; a similar parametric an- 
31-i~ vill not be repeated b-0 

I 

Xercurian Takeoff Tra jecforlas 

Simulated takeoff t ra jector ies  were determined f o r  a vehicle w h i c h  take8 
off fmm the Mercurian surface t o  establish a 300-n mi circular orbit, 
tlre type of takeoff t ra jectory considered, the vehicle first rises rcrficaUy 
un t i l  i t  reaches a velocity of  50 ftfsec, 
a?d the flight continues With thrust para l le l  fo vehicle velocity. a 
manner similar t o  the landing t ra jector ies  described above, the angle of 
the turn i s  selected so that the vehicle completes the propulsive maneuver 
oriented as closely as possible t o  horizontal, but never experiences a 
negative a l t i t ude  rate during the propulsive interval, 
phase i s  terainated den the vehicle has suff ic ient  velocity t o  coast fa 
the desired orbital alt i tude.  After the coast- tbofbi ta l  altitude, 8 
variable thrust-orientation angle, constant-altitude maneuver is used fa 
establish the orbit. 
landing trajectoxy i n  reverse. 
quiremat versus thrust-to-weight r a t i o  f o r  the &rcurian takeoff. 

ERROR ANBLIISIS FOR HERCURY U H D f l P O - m T  l~8Llurruvsa 

In 

The vehicle then perforas a turn 

This propulsive 
* 

lhis takeoff t ra jectory is b a s i d l y  tho s~pb a8 fb6- 
In Figure U6 is shown ideal velocity re- 

The analysis of landing position errors associated With propulshe W 
h g  maneuvers i n i t i a t ed  a t  the periapsis of an e l l i p t i c a l  o rb i t  about 
Hercurywas conducted i n  a manner similar t o  that  employed f o r  lunar land= 
b g  manenverso 
requirelllents of a &rcury mission uere selected; these wemi 

Nominal conditions appropriate t o  the high velocity 

orbit Paramtiens 
apoapsist 300 nautical milea 
periapsist 120,m feet 

Propulsion Paranetem 
initial thrust-to-(Earth) weight ratios 0.) 
specific impulses 420 ~euonda 

Ths characteristics of the nominal gradty-turn landing trajectorjr a m  
presented in Figure u 7  . Though the nominal hover altitude of &Z,oOa feet 
ia far aigher than would be required to assure payload safety, the accnrmr 
of the error data t o  be presented are not adversely affected by this post 
t i c l o r  selection; the altitude curve can be vertically displaced m r  8 
widu range without introduchg a change in study multi. 
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Error &ami. 
'he influence of deviations from nominal thrust on terminal point posit%on 
is shown in pigpre 138. 
impulse vary in mison, the effect of a given quantitative departure from 
nominal operation is less pronouncedthan it is when thrust varies alom. 

It is evident that when thrust and specific 

C o a s t  t r a j e c t o v  conditions in a region on e i ther  side of the nominal 
ignit ion point are presented i n  Figure 139. The indicated time span 
corresponds t o  a range of 3 degrees of a rc  about the e l l i p s e  periapsis. 
The effect of an improperly timed ignition signal on the location of the 
maneuver terminus is  shown i n  Figuzw a0. For each second of deviation 
from the nominal moment f o r  ignition, the e r ror  induced i s  approrirpptd3Jr 
2 nautical miles i n  range and 200 feet in a l t i tude  (these values are close 
t o  M c e  the values obtained in the analysis of lmar landing)* 

The influence of departures f r o m  a gravity tarn maneuver, i.e., an un- 
desirable angle-of-attack, is presented i n  Figure l&l. -se ms?ilta 
resemble, both qualitatively and quantitatively, the results obtained i n  

The variation of velocity vector angle d&g the landing maneuver i a  
shown in Figure = f o r  the nominal case and f o r  the t 2 percent thrust 
deviation cases. 
as compared t o  the nominal trajectory, while law thrust prolongs tb- 
propulsive maneuver and extends the  range traversed du rbg  descenf, 

the lunar landing am48i80 

&gh thrust yields a shorter-duration, steeper descent 

For a vehicle deliberately constrained to  the nominal angle-rs-tiu, 
cha.racteristic, operation a t  off-nominal thrust creates P s i tua t ion  in 
which two d i s t inc t  errors ex is ts  
2) caused by misalignment error, obtained by measuring the distance be- 
tween curves in Figure l& is presented in Pigurew, The tinm4wetagsd 
misalignment error  is approximately one degree, which fields for +2-percent 
thrust (by extrapolating Figure m) errors of -11,OOO feet altitude a d  
M.25 nautical  miles range. 
excessive thrrrst, result i n  overall position errom of feet alatutim 
and -4.5 nautkal Bdles mange. 

1) caused by thrust  deviafion, and 

These, combined w i t h  the errors  caused by 

A similar dispari ty  in angle-vs-tirae characteristics exists betueen tbe 
nominal case and the earlyfiate igni t ioa cases. The d s a l i g m e n t  error b 
shown, for  h0 second ignition-time errors, 2n figure l&3 ; a 4ibe4mr8gd 
value of lldsalignment is a p p ~ ~ l y  Q.15 degrees. 
to t h e  nominal vehicle orientation schedule, in the case of late ignitiaor, 
w i l l  add +I700 feet to the a l t i tude  e m r  and -0.04 nautical miles te fhb 
-e emor. 

Thus, forced adherenee 
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Range Deviation, nautical Pdlss 

Figure 13s. Effects of Thrust Errors on brcury Landing Hmemver 
Terminal Poaitiao 
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c o ~ u s i o r r s  

SmU. deviztions f r o 3  norrjzal pefarnance of Kkcury arb i t  
lmding XJeuvers hme l f t t l e  effect on propulsion r e q u i r e  
cents far achieving zero velocity, but hme 5 significant 
efr”ect on the position comZ2mtes of the vehicle a t  the 
zoment it cones t o  rest. 
nent Afrcxx the 3o:nind. hover r \oint  are present& below. 

2eFesentative values of displece- 

+2 percent thrust, 
specif ic  smljlllwe constant 

+2 percent thrust, 
+2 percent specific inpulse 

-) 

I p i t i o o  23 secoads emly 

Altitude, Range, 
feet nmi 

+3130 -4.78 

+7 780 -3.63 

-3050 -348 0 

-5760 +O. 13 

The propalsion requirezects far t ranslat ion ead descent t o  
the noxinel Izsdbg s i t e  f r o =  the pcsitions indicated above 
are on the mder 0-9 severs thozssad ft/sec i n  nost instances, 
ad thm&ore corrective zeasures such as engine throttling 
should be in i t ia ted  during the =in propulsion phase ra ther  
than after reaching the hover point. 

To account far al t i tude deviations introduced by one of the 
pro-ulsion or t ra jec tmy  m a r s  considmed, the nominal home 
position should be on the  ordm of 6ooO feet above the b r c u r y  
surface. 
not evaluated in t h i s  s t d y ,  nust also be added t o  these values. 

errors i n  elliTtic orb i t  periapsis alt i tude,  
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ENGINE PARAMETER OPTIMIZATION 

SELECTION OF PROPULSION SYSTEH CHARACTERISTICS 

A propulsion system parameter study was conducted t c  determine the 
optimum desi,? f o r  pmpulsicn systems applicable t o  ex t ra te r res t r ia l  
landing missions. The propulsion parameters consicered were chamber 
pressure <Pc), expansion area r a t io  (€  ), and thrust  chamber mixture 
rat io  (1.3). 

Because of the nunerous applications of p rop i s ion  t o  various landing 
missions and ccrxepts, it was necessary to formulate and analyze a 
limited number of p rop l s ion  system models t h a t  kiould represent the 
various landing mission requirements. To determine the representative 
propulsion system, i d e a l  velccity and thrust-to-weight ra t io  require- 
ments, and vehicle gross weight were reviewcd. 
propulsion system thrust  levels from S,OOO t o  ~00,000 pourds were 
selected; the lower value is  representative of  near-future unmanned 
landing vehicles, and the larger  valves are typical of manned 
in tev lane tary  m.: ssions . These values were u t i l i  zed i n  conjunction 
w i t h  the selected thrust-to-weight ra t ios  of 0.3 (tynical f o r  an 
orb i t  estatlishment or departure maneuver) and 0.8 (typical landing- 
from-crflit on Mercury, o r  Mars takeoff). 
increments considered were from 6,000 to  “2,000 ft/sec, the lower 
value corresporlciing to m i  3 c j  02s  such a s  a lanar landing-from-orbit 
maneuver and t h e  higher value representative of requirements for 
injection from a:, Earth o rb j  t i n t o  interplanetary transfer t ra jector ies  
such as a f a s t  Yars t r ip .  T h r e e  Fropellant combinations representing 
the most l i k e l y  czn&dates f o r  u s e  i n  chemical bipropellant propulsion 
systems fo r  extraterrestr ia l  landing missions were selected. Oxygen/ 
hydrogen (02/H2) and rri trogen tetroxj.de/hydrazine-UDMH (NT0/50-50) 
were chosen as best  suited to  near-future applications, and fluorine/ 
hydrogen (F2/H2) was selected fci. somewhat. later missions. 

A perccAnta7e of theoretical shift ing equiljbrium propellant performance 
(based on the a%-aiiable performance data) w a s  assumed for thrust  
chamber performance calculations. 
performarice w a s  bzsed on a bipropellant gas generator, parallel 
turbine pumping cycle. 
systems a re  shown by Figures11Cr,l&iY and a’ l for  0 /H2, F2/H2, and 
NT@/SO-SC systems respectively. The 02/H2 and F2 P H2 engine performance 
is given as a function of thrust chamber mixture ra t io  for various 
values of nczzle area r a t io  and chanber pessure.  Z@ne specific 
imp l se  f o r  the NT0/50-50 systems (Figurel47) is presented as a function 

Based on th i s  review, 

Mlssion velocity 

For t h e  pump-fed systems, engine 

The engine specific impulse fo r  t h e  pump-fed 
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of area r a t i o  f o r  several values of chamber pressure. All engine 
systems were assumed t o  be operating i n  vacuum conditions. 
low t h . - z L -  slTst.ems were assumed t o  be pressure-fed since the  payload 
gain usually achieved by a pump-fed system is no,. 
significant for  low thrust ,  lar gross weight vehicle applications. 
The pressure-fed systems were assumed t o  use an ablative chamber and 
nozzle with a radiatively cooled sk i r t .  All pump-fed systems 
ut i l ized  f u l l y  regeneratively cooled nozzles. 

The 

Propellant dependent weights were separated in to  tank volume and 
tank surfzce-dependent weights. 
consist of tank pressure-shell and pressurization system weights. 
A17 tanks were assumed constructed of titanium except those containing 
oxygen and flcorine, which are aluminum. 
weight was calculated based on a meteoroid shielding weight of 
ap~roximatel y 2. C lb/f t: , 
of available estimates . 

Tank volume-dependent weights 

Tank surface-dependent 

representative of a consensus 

The characterist ics of the basic propulsion system models are 
presented i n  Table 12. rjecause the models and missions differ 
i n  vehicle gross weight (3  values) , thrust-to-(Earth) weight r a t io  
( 2  values ) , mission idea l  velo city increment ( 3  values) , and 
propellant conit: r la t ion  ( 3  selections), there a re  SL basic mcdels. 

EF'ECT CF ASSUIPTIONS 

To indicate how scwral  pertlnent factors influence the optimum 
values for- noz.ilu area r a t i o ,  clamber pressure, and mixture ratio,  
a brief examination, bascbd on perturbation f rom a selected nominal 
02/H2 case, was mde. The resultant trends a re  shown i n  Table u. 
The assumed nominal factors r d  t i l e  rescl t inr  optimum engine 
Daran:ct,ers 7r-p inrV crt,ed i n  Case 1. 

tierxis t o  a l t e r  the mixture ra t io  s l ight ly  toward more oxidizer. 
'l-iqher F/W (Case 3)  results mainly in a lower optimum nozzle area 
r i t i o ,  since t h i s  resul ts  i n  lower nozzle weight for t ce  heavier, 
nigher-thrust engine. 
(Case 4) results i n  a higher optimum area ra t io ,  and a resulting 
lower optim:!m chamber pressure. The increased interstage weight 
f o r  Case 5 redcc.s the  optimum area ra t io  greatly (and increases Pc) 
because ++J. a heavy interstage structure,  system weight is particularly 
smiitiive to Lzle length. Reducing the mission velocity increment 
reduces the nozzle area r a t i o  and chamber pressure i n  the selected 
case; however, i n  general, optimum expansion area r a t i o  fo r  a given 
system is highest a t  a velocity requirement near gI,, the  effect ive 
exhaust velocity of t h e  nozzle. 

A char,ge i n  tar& weight, Case 2, 
(with both the fuel and oxidizer tanks heavier> on ly  

A 

Reduction i n  the nozzle design weight factor 
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The influence of several otherassumptions is descr ibedbrief ly  i n  
Table a. 

EFFP@T OF SYSTEM ASSl!MPTIONS ON OPTIMUM OPERATIKG PARMCJZB 

Shif t ing Equflibrim 
R.opellant Performance 

Rvboprrmp Efficiency and 

fnigalee 
Turbine Bchaust Specific 

Tank begsure-Dependent 
Weight Factor, Kl, 

a8t- 

Thrust Chamber Specific 
liupuJ.se Mficierrcy 

Effect on Optimun Operating Parameters 

Results i n  higher area r a t i o s  andmixture ra t ios  
re la t ive  t o  those obtained by frozen canposition 
performance 

Higher values w i l l  r esu l t  i n  higher optimum 
chrrmber pressures 

An increase i n  Kl results i n  a decrease in 
optimum chamber pressure 

The effect is very slight 

Tu0 types of optimization anesis were conducted: 
optimization of a l l  three propulsion paraneters, and 2) optbizstion 
of chamber pressure and mixture r a t io  for  a nozzle area ratio of 9:1. 

1) simi~ta.neons 

The optimum parau~ters for the different  en,~e/mission/propellazxt conrbipl 
nations arre presented in Tables 1s through 20 , Gptimizations assuming 
the unrestricted nozzle envelope are SuarnaFised in Tables 6 1 6  and 
and for the case of € = *:l, in Tables 18 ,19 a m i 2 0 ,  Inaddition 
to tihe optimum parameters, the tank and e n m e  performance for the optbum 
d e & p  are tabdlated for each case, 

17 1 

A Feviev of the effect of the mission/system parameters on t he optimum 
operating conditions (Tables 15,16, and 17) yields the f ollotdngr 
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2, opfinslff! area r a t i o  increases s l i g h t l y  when the thrust-to- 
weight r a t io  is decreased, 

3. The optimum chamber pressure of pressure-fed systems 
deorcases as mdssion velocity increment is increased. 

A mmparfson of the unrestricted nozzle area r a t i o  and the 5O:l 
area rqtio optimizations (for the 50,000 pound thrst model w i t h  
Ffi ef 0.3 and AV of U,OOO ft/sec) indicates that i f  chamber 
presmre and mixture ra t io  for t h e  unrestricted optimization are 
held constant and area rat io  is reduced t o  50:1, a TaTload loss of 
5.5 per cent resul ts .  
when o is reduced, the loss is  &,8 per cent, If cf.zmber Yressure 
is held constant ( a t  the optimum value for unrestricted E )and 
nchture ra t io  is reoptimized, the loss is 5,O per cent. 
chanber pressure and mixture ra t io  a re  reoptimized a t  the h e r  
area ratio, the loss is  3.8 per cent, The major loss is thus 
carused the reduction i n  expansion area ratio.  I f  the reason 
for res t r ic t ing  area rat io  is t o  reduce exit diameter, a m o r e  
favoragZe al ternat ive is t o  increase chamber pressure and thereby 
reduce area r a t io  less ,  
under USA cont-met NAS 7-16L, and presented in the second quarterly 

If N? is held coritant ariE Pc is reoptidzed 

IL' both 

This conclusion is confinned by work done 

repart of that Stu6y. 

From tbe cases analyzed, engine operating paraneters may be selected 
to 
increment. 
se lwted  operating parameters become more c r i t i c a l  with increasing 
mission velocity increment; therefore, if selections a re  ma& 
independent of AV, the  selected values should be near the optinum 
va&ss for the higher energy missions,  
qsrating parameters were taken f r o m  the tables of optimum parameters 
( T a b l e s s  througli 20 ) and are  presented i n  Tables 2 l ,  22 and 23 fo r  
02firzs F& and Nl'0/50-50 propellant combinations respectively. The 
parameters selected are  average values of the optima for  the UsO(lo 
and 22,ooO f i /8ec miSsiOne. 

near-maxhum payload, independent of mission velocity 
Experience from previous studies hss s h m  tha t  the 

Selected values of en@m 

The e f fec t  of pertmbing one engine operating parsmeter, uhi le re'- 
the et&mm values of the remaining parameters, is shown in Figures 
thrau@ 19. For the indicated propellant combination, a pump-fed agster 

1 and a press-fed system are illustrated for a missionvelociw increment 

. ~ 

Of fi,m ft/80C. 
____---___ - ~ - -  ~ 
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This infomation is sumnm - ized in Table 2h uhich presents the 
allowable parameter variation for  a 0.5 and a 1.0 per cent payload 
loss. 
and F D  = 0.3, and based on the  condition that the other t uo  para- 
meters are maintainzble a t  the* optimum Tmlnes, 

The values ?resented are f o r  a mission AV l4,OOO fwsec 

Examination of t h e  drtz shown i n  the figures and i n  Table 

not a stringers requirement. 
seriously pemlizing system capability. 

indicates 
that  des* a t  tne exact optiaum engine sarameters &4 

Deviation can L e  pe;izi<ted without 

Increzsing the mission velocity increnent increases t h e  payload 
sensi t ivi ty  of the engine design parameters. 

addition to  the l&,OOO 
increment curves are preserted. 

The effect  of mission 
AV on the  pumpfed 02/H2 system is i l lus t ra ted  i n  Figure l& 3 in 

It./sec mission, 22,000 ft/sec velocity 

For a 0.5 per cent payload loss (from the IlliL3dmLIlp if optimum parameters 
a re  used) chamber pressure can t-ypiczlly vary 3O-LO per cent above 
or  belaw the optinurn. 
02/H2 or F2/H2 aad about 5 per cent f o r  N2OL/sO-5O0 
expnsion area rz*do can vary 3040 per cent f m m  opthm,  

?Sbzture ra t io  can vary 10-15 per cent for 
The nozzle 
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02/H2 Pressure-Fed 

Fz/H2 Pressure-Fed 

F = 5000 paunds 

NTo/50-s0 

WH2 Armp-Fed 

Pressure-Fed 
F = 5000 pounds 

F = 50,000 pounds 

FdH2 Pump-Fed 

F = 50,000 pounds 

~0/50-50 
h p - F e d  
F = S0,OOO pounds 

Operating A'lcuable Paranet er Increment Optimum 
Parameter Percent Payload Loss Value 

Pc, psia 
€ 
HR 

€ 
m 

PC 
€ 
m 

*C 
f 
MFl 

P C  
E: 
MR 

P C  
E 
MR 

0.5 

+25 
-80 
+O.? - 
+_22 
-60 
t2 03 

+40 
-110 
to-u 
-450 
-200 
g . 0  

-650 
-230 
-3-2 

4 0 0  
-175 
+P.U 

1.0 

+35 

21.2 

+,35 
-90 
-3-8 

4 0  -a5 
t0.20 

-550 
-275 
s . 4  

-900 
-270 
-4.6 

-800 
-230 

-100 

t0.18 

Mission A V  - 14,000 ft/sec, F/W = 0-3, unrestricted mea ratio 

5s 
200 
6.20 

80 
200 

16.90 

3.30 
310 
2.18 

U60 
4 9  
6.90 

1770 
4lO 

17 035 

1800 
471 

2-21 
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